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1. Lipid metabolism in liver diseases  

The liver is a key metabolic organ, especially for lipid metabolism, playing essential roles in 

fatty acid uptake, synthesis, transport and degradation [1, 2]. Under normal conditions, only 

a small amount of lipids are deposited in the liver. However, any imbalance in hepatic lipid 

metabolism will contribute to the development of liver diseases, nonalcoholic fatty liver 

disease (NAFLD) and hepatocellular carcinoma (HCC) being important examples. Hence it is 

important to understand the cellular physiology of lipid metabolism in the context of the 

hepatocyte. 

On an ultrastructural level, lipid droplets (LDs) constitute cardinal cell organelles with respect 

to hepatic lipid metabolism. LDs are dynamic and in many respects unique cellular organelles. 

They function in lipid homeostasis through storage of these molecules but also serve as a 

platform for degradation of lipids, making the constituting components available for further 

metabolism. This functionality of lipid LDs is facilitated by their capacity for interaction with 

other cellular organelles, such as the endoplasmic reticulum (ER), the mitochondria and the 

lysosomes, interaction being established via specialized lipid droplet membrane contact sites 

[3]. It is reasonable to assume that this intense interaction with the other hepatic cellular 

organelles results in an important role of LDs in health and disease of the liver.  

The ER is the place where nascent LDs are generated. Neutral lipids, triacylglycerols and sterol 

esters accumulate and coalesce in the leaflets of ER bilayer. Neutral lipids form a lipid lens 

and recruit the required functional proteins, and subsequently are separated from ER [4]. 

Mitochondria and lysosome are the place to catabolize LDs by lipolysis and autophagy. 

Mitochondria can supply energy through β-oxidation of LD-derived fatty acids [5]. Lysosomes 

digest LDs through autophagy. In the liver, lysosomes can utilize a distinct form of autophagy, 

microlipophage to degrade LDs [6, 7]. Conversely, LDs provide lipid precursors and membrane 

materials for other cellular organelles. This is mediated by contact sites between LDs and 

other cellular organelles. LDs can transfer proteins, which involves ions and other 

components in the cell including lipid metabolism enzymes, signal transduction elements, de 

novo organelle biogenesis, specific positioning of LDs in the cytoplasm and reaction to cellular 

stress responses [8]. It is fair to say, however, that comprehensive insight into the action and 
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function of LDs in hepatic physiology and their involvement in pathophysiology of the liver 

remains obscure at best. 

An imbalance in lipid metabolism will in general lead to many diseases, but especially so in 

the liver, which is the nexus of human lipid metabolism. A prominent manifestation of this 

concept is fatty liver disease. The hallmark of fatty liver disease is an excessive level of fatty 

acid content in the liver. The overload with fatty acids in the hepatocytes will induce insulin 

resistance and lipotoxicity due to the physical size of the LD compartment and hence LDs are 

instrumental mediators of fatty liver disease [9, 10]. Likewise, LDs also play an important role 

in viral hepatitis. LDs provide a platform for intracellular defense via innate immunity [11]. In 

the early phase of the antiviral immune response, upon cell autonomous recognition of 

hepatocyte infection, LDs display morphological reorganization and the resultant clustering is 

instrumental in the induction of interferon response that helps controlling viral replication 

[12]. Conversely, however, viruses can utilize LDs to reshape the intracellular 

microenvironment in a manner that is beneficial for viral replication and assembly [13, 14]. 

Thus further analysis of the exact functionality of LDs in viral hepatitis is necessary.  

Hepatocellular carcinoma (HCC) is the most common form of liver cancer. Aberrant lipid 

metabolism is an important aspect of metabolic reprogramming progress in HCC [15]. An 

increase in LDs content has been observed in HCC cells [16], which may help cancer cells cope 

with aberrant protein synthesis. LDs probably maintain ER homeostasis through its links with 

the proteasome in turn facilitating the elimination of unfolded and misfolded proteins [17]. 

In tumors, the alternations in lipid metabolism contribute to the abilities of cancer cells to 

adapt harsh environmental conditions [18], further linking LDs to the HCC process. 

Uncovering the details of the role of LDs in HCC may help devising rational strategies for the 

treatment of this disease. 

2. Mitochondrial dysfunction contributes to liver diseases 

Mitochondria are unique double-membrane-bound cellular organelles with their own 

genome. The mitochondrial genome encodes 13 proteins that are embedded in the inner 

membrane and contribute to the mitochondrial electron transport chain (ETC) [19]. 

Mutations or other aberrancies in mitochondrial DNA (mtDNA), dysregulated mitochondrial 

dynamics and defects in oxidative phosphorylation (OXPHOS) all provoke mitochondrial 
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dysfunction [20-22]. In view of the importance of mitochondrion in cellular biochemistry, it is 

rational to presume that such dysfunction may contribute to liver disease. In apparent 

agreement, reduction in mtDNA copy numbers or other mtDNA impairments have been 

observed in patients with liver diseases, including viral hepatitis, fatty liver disease and liver 

cancer [23-25]. Alterations in mtDNA have effects on ETC complexes, lead to generation of 

more reactive oxygen species (ROS) and subsequently induce oxidative stress. 

The mitochondrial electron transport chain (ETC) is the main site of adenosine triphosphate 

(ATP) generation, consisting of transmembrane protein complexes I-IV and ATP synthase 

(namely complex V). The main process of ATP production is oxidative phosphorylation. NADH 

and FADH2 donate electrons and H+ to complex I and complex II, O2 accepts electrons to 

generate H2O, while H+ moves to ATP synthase to generate ATP via ETC. During the process 

of ATP generation, a small number of electrons escape from ETC. Electron leakage leads to 

production of ROS, superoxide anion (O2
• −) and hydrogen peroxide (H2O2) being prominent 

examples. Meanwhile, nitric oxide (NO•) is produced from L-arginine and quickly reacts with 

O2
• − generating peroxynitrite (ONOO−) as well. NO• and ONOO− constitute reactive nitrogen 

species (RNS). Excessive ROS/RNS are under physiological conditions scavenged by the 

antioxidant defense system. Under these conditions, a proper amount of ROS/RNS molecules 

are available as cell signaling molecules for normal biological processes [26]. However, 

excessive generation and poor scavenging of ROS/RNS will result in damage to DNA, protein, 

lipid peroxidation and defective cellular organelles [27, 28], in hepatocytes as well as other 

cell types. Mitochondria not only provide cellular energy, but also mediate oxidative stress 

induced by drugs, unhealthy diet, viruses and ischemia [29], often because mitochondrial 

dysfunction leads to ROS/RNS leakage from this organelle to other subcellular compartments. 

In addition, high levels of ROS production can harm the integrity of the mitochondrial electron 

transport chain resulting in more ROS generation and initiating a vicious cycle. Hence 

maintaining a balance between ROS/RNS production and the antioxidant defense is important 

to prevent cellular pathology. As metabolic demands of the liver require high mitochondrial 

activities, it is rational to assume that especially this organ would be sensitive to 

mitochondrial dysfunction and that problems in this organelle would manifest itself in this 

physiology of this part of the body. However, this notion requires further exploration, 

especially in the context of hepatic necrosis, inflammation, fibrosis and immune responses 
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during development and progression of liver disease in general [30]. In addition, oxidative 

stress can affect ETC complexes, and induce mitochondrial permeability transition pore 

(MPTP) opening that will result in mitochondrial morphological alterations, ATP depletion and 

cell death [23, 31]. 

An important observation in this context is that mitochondria are highly dynamic organelles 

which are mainly controlled by fission and fusion to maintain function and respond to 

different physiological states [32]. Mitochondria contain outer mitochondrial membranes 

(OMM) and inner mitochondrial membranes (IMM) that harbor many proteins involved in 

mitochondrial fusion and fission. Mitofusin 1 (MFN1) and mitofusin 2 (MFN2) are important 

mediators of mitochondrial fusion, whose location at the OMM allows them to merge the 

OMMs of two adjacent mitochondria. Another protein, denominated optic atrophy 1 (OPA1), 

is located at IMM and can subsequently prompt IMM fusion [33]. Mitochondrial fission is 

facilitated by dynamin-related protein 1 (DRP1), a cytoplasmic GTPase that can be transiently 

recruited to the OMM to initiate mitochondrial quasi-cell division [34]. Mitochondrial fusion 

can help maintaining energy homeostasis under stress conditions by sharing metabolites, 

enzymes and mitochondrial gene products between damaged and more functional 

mitochondria. Conversely, mitochondrial fission can help maintaining mitochondrial function 

by segregating impaired mitochondrial elements from the holo-organelle followed by 

salvaging the useful molecules from the removed structures by autophagy [35, 36]. In steady 

state conditions, the frequencies of fusion and fission are balanced and mitochondrial 

morphology is stable. Under pathological conditions, however, an imbalance in the 

fusion/fission ratio may occur resulting in dramatic transitions in mitochondrial shape. An 

increase in fusion and/or an inhibition of fission will result in a hyper-elongated mitochondrial 

network, while a reduction in fusion and/or stimulation leads to a fragmented aspect of the 

mitochondria [33]. It has been suggested that in the liver, dysregulated mitochondrial 

dynamics affects the physiology of hepatic parenchymal cells and non-parenchymal cells, 

aggravating progression of liver diseases. Indeed, dramatic transitions in mitochondrial shape 

have been reported to occur in many liver diseases. For viral hepatitis, hepatitis B virus (HBV) 

and hepatitis C virus (HCV) induce mitochondrial fission to promote viral persistence and 

attenuate apoptosis, which probably lead to enhanced viral replication [37, 38]. In hepatitis E 

virus (HEV) infected patients, HEV induces mitochondrial fusion rather than mitochondrial 
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fission to promote viral replication [39]. For fatty liver disease, mitochondrial fission has been 

shown to exacerbate hepatic steatosis, dysregulate mitochondrial functions and promote 

inflammation and fibrogenesis [40, 41]. As for liver cancer, metabolic reprogramming is a 

hallmark of cancer. Alternations of mitochondrial morphologies and dynamics play a critical 

role in adaptation by metabolic reprogramming [42]. It is clear that mitochondrial fission 

promotes tumor growth and metastatic capacity [43]. Even though MFN 1 and OPA 1 are 

reported to link to liver cancer respectively, the detailed role of mitochondrial fusion in liver 

cancer and other liver diseases remains unclear prompting further research [44, 45]. 

3. Nonalcoholic fatty liver disease  

Nonalcoholic fatty liver disease (NAFLD) is one of the most common chronic liver diseases, 

characterized by excessive fatty acid deposition in the liver in a context in which alcohol 

consumption does not play major role. Attributed to obesogenic dietary and sedentary 

lifestyle, NAFLD prevalence has gone up rapidly over the last decade [46]. NAFLD is a 

progressive disease, starting with simple steatosis and progressing to non-alcoholic 

steatohepatitis (NASH), the latter being characterized by necroinflammatory events and 

progression of liver fibrosis [47]. The development and progression of NAFLD is associated 

with many serious complications such as cirrhosis and HCC and represents an important 

health concern. 

NAFLD is a complex chronic liver disease, tightly associated with other metabolic disorders, 

including type II diabetes mellitus (T2DM), insulin resistance and obesity. Although the 

etiology and pathogenesis of NAFLD remain unclear, it is obviously related to metabolic 

dysfunction. Recently, the nomenclature and definition of NAFLD have been proposed to 

more accurately define as metabolic (dysfunction) associated fatty liver disease (MAFLD) [48, 

49]. MAFLD has a heterogeneous phenotype with multiple risks, including age, gender, 

hormonal status, gut microbiota and metabolic status [48, 50]. The currently available in vitro 

and animal models cannot mimic the complex pathogenesis of MAFLD. Consequently, there 

is an urgent need of new models and new technologies to investigate the molecular 

mechanism of MAFLD. 
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4. Liver cancer 

Liver cancer is the sixth most commonly diagnosed cancer and the fourth leading cause of 

cancer death worldwide (2018 data) [51]. HCC and intrahepatic cholaniocarcinoma (CCA) are 

the main types of primary liver cancer. The risk factors for liver cancer include chronic 

hepatitis B and hepatitis C (HBV, HCV), alcohol intake, metabolic-related diseases and dietary 

toxins such as aflatoxins and aristolochic acid [52, 53].  

Liver cancer is related to metabolism. The Warburg Effect entails that cancer cells exhibit 

metabolism alterations, with increased rate of glucose uptake and lactate secretion even in 

the presence of oxygen [54]. In apparent agreement, metabolic reprogramming is a hallmark 

of liver cancer, and it may be essential to support the proliferation and survival of cancer cells 

in a hostile microenvironment with limited nutrient and oxygen availability, and anti-

oncogenic immune surveillance being present [55]. Mitochondria are at the crossroad of 

metabolic networks and signaling cascades, and it is rational to propose that alterations in 

mitochondrial action and function is involved in the metabolic remodeling associated with 

liver cancer. To fulfil the metabolic demand of tumor cells, mitochondria may not only supply 

bioenergetics to support rapid proliferation of cancer cells, but also contribute to the release 

of ROS, oncometabolites and tumor-related proteins, and regulate the intrinsic pathway of 

apoptosis, possibly resulting in the survival of cancer cells and promoting oncogenesis [55, 

56]. Therefore, mitochondria, the pivotal place of ATP and ROS production, become a 

potential target for treating liver cancer and this notion invites further investigation.  

Increasing evidence shows that agents targeting mitochondria have tumor-combatting 

potential. Metformin is a first-line medication for T2DM treatment, and can effectively 

improve glycemic control with excellent safety profile and low expense. It selectively inhibits 

the complex I of mitochondrial ETC to decrease NADH oxidation, proton gradient and oxygen 

consumption rate [57, 58]. Metformin has been shown in clinical and experimental studies to 

improve cancer prevention and treatment in a variety of cancers [59], further adding to the 

case for investigating the role of cellular metabolism in liver cancer.  
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5. Liver organoids as in vitro model to study liver diseases  

The recent advances made in cell culture technology, especially the advent of three-

dimensional (3D) culture systems, evoke excitement [60]. These systems provide matrices 

and scaffolds to create environments that are more closely resemble the morphologies and 

physiologies present in vivo. Cells cultured in 3D can to a certain extent maintain their 

phenotypes and functions and be subjected to controlled differentiation [61]. Organoids are 

a type of cell population derived from adult stem/progenitor cells, embryonic stem cells (ESCs) 

or induced pluripotent stem cells (iPSCs) in 3D culture systems that can self-renew and self-

organize to mimic the functionality of the tissue of origin [61].  

Organoids derived from ESCs and iPSCs can differentiate into hepatocyte-like cells using 

specific differentiation protocols. They are appropriate for experimental recapitulation of 

developmental and regenerative processes [61]. However, recent reports showed that they 

are prone to accumulate genetic and epigenetic alterations during the derivation and 

reprogramming processes [62, 63]. In contrast, organoids derived from adult stem/progenitor 

cells are genetically more stable [64]. Thus, organoids derived from adult stem/progenitor 

cells are much better for studying liver regeneration and diseased states in vitro. 

Human livers harbor residential bipotent progenitor cells located in the intrahepatic biliary 

compartment that can be cultured as organoids. These liver organoids are derived from 

intrahepatic bile ducts that are also known as intrahepatic cholangiocyte organoids (ICOs) [65]. 

They not only have cholangiocyte fate differentiation capacity, but also retain the ability to 

differentiate into functional hepatocyte-like cells [65, 66]. ICOs can be differentiated towards 

a hepatocyte-like phenotype by defined culture conditions and can be maintained in long-

term culture [67].  
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Aim and outline of this thesis 

Prompted by the considerations detailed in the above, in this thesis, I aim to investigate the 

role of specific subcellular compartments in liver disease in general, and NAFLD and liver 

cancer in particular. One of the reasons I think I progress the field is that I shall employ novel 

technology for this research, in casu human liver organoids. To this end I first performed 

literature studies, in chapter 2 I investigate the potential role of lipid droplets (and their 

interactions with other organelles) in liver health and disease in general and in lipid 

metabolism in particular, whereas in chapter 3 I perform literature investigation on 

mitochondrial dysfunction and oxidative stress in the pathophysiology of different liver 

diseases. Based on the results I decided to focus on these subcellular compartments in this 

thesis and in order to investigate these in the context of hepatic disease in Chapter 4, I 

establish a human liver organoids-based model of NAFLD through inducing excessive lipid 

accumulation. I shall use this model to understand the pathogenic features of NAFLD and 

demonstrate its possibilities for designing novel therapy. In Chapter 5 I build on this work by 

exploring the role of mETC in liver cancer and investigate the potential of its therapeutic 

targeting by pharmacological agents for the treatment of this disease. In Chapter 6, I further 

continue on this line by investigating the morphodynamics of mitochondria in liver cancer and 

assessing potential of therapeutic targeting. In Chapter 7, I summarize the findings obtained 

and discuss them in light of the body of contemporary biomedical literature. I shall conclude 

that the use of organoid model systems indeed allows to obtain novel insights in liver diseases, 

but future work is necessary to come to rational design of novel therapeutic avenues for 

combating liver disease using lipid droplet and mitochondria-associated processes as a target. 
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Abstract 

Lipid droplets are cellular organelles used for lipid storage with a hydrophobic core of neutral 

lipids enclosed by a phospholipid monolayer. Besides presenting as giant single organelles in 

fat tissue, lipid droplets are also widely present as a multitude of small structures in 

hepatocytes, where they play key roles in health and disease of the liver. In addition to lipid 

storage, lipid droplets are also directly involved in lipid metabolism, membrane biosynthesis, 

cell signaling, inflammation, pathogen-host interaction and cancer development. It is fair to 

say that the exact functions of lipid droplets in cellular physiology remain largely obscure. 

Thus prompted, here we aim to analyze the corpus of contemporary biomedical literature to 

create a framework as to how the role of lipid droplets in hepatocyte physiology and 

pathophysiology should be understood. The resulting framework should help understanding 

the interaction of lipid droplets with other organelles in important liver diseases, including 

fatty liver disease, viral hepatitis and liver cancer and direct further research directions. 

Keywords: Lipid droplet; Organelle; Interaction; Liver disease 

  



18 | P a g e  
 

Highlights 

 Lipid droplets exert a variety of key biological functions 

 Lipid droplets actively interact with other organelles  

 Lipid droplets play key roles in health and disease of the liver 

 The biological functions of lipid droplet-organelle interactions remain obscure 
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1. Introduction 

Lipid droplets (LDs) are specialized cellular organelles that are present in many types of cells 

and tissues mediating lipid storage [1]. Although diverse in morphology, LDs are universally 

characterized by the presence of a hydrophobic core that mainly consists of triacylglycerols 

and sterol esters and other neutral lipids, encapsulated by a phospholipid monolayer that 

contains integral and peripheral proteins (Fig. 1). Initially, LD function was thought to be 

limited as a passive reservoir for lipid storage, but an increasing body of research shows that 

the surface proteome of LDs allows them to actively participate in a variety of cell biological 

functions (Fig. 1). Accordingly, LDs are now recognized as dynamic hubs in lipid metabolism, 

energy homeostasis and cellular signaling [2]. Although much of the mechanistic details 

remain largely obscure, it is evident that many of these functions are exerted through 

interactions of LDs with other organelles [3].  

Because of drastic changes in life style and environment, obesity has grown into a global 

pandemic during the past decades. The increase in obesity is accompanied by a plethora of 

comorbidities, in particular insulin resistance, type 2 diabetes mellitus, hypertension, 

cardiovascular disease and dyslipidemia. Thus, research on LDs mainly focused on fat cells of 

the adipose tissue, which is the largest energy reservoir of the body. It is important to note, 

however, that the liver controls lipid metabolism in the body, and lipid metabolism 

dysfunction is universally associated with hepatic physiopathology [4]. Liver cells contain 

many LDs, and LDs in these cells are subject to interaction with other cellular organelles 

including endoplasmic reticulum (ER), mitochondria, peroxisomes and lysosomes [5]. In this 

review, we aim to analyze the role of LDs in hepatocyte physiology, focusing on their 

multifaceted interactions with other cellular organelles in the context of the most important 

liver diseases. 
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Figure 1. The structure and biogenesis of lipid droplets. Lipid droplet (LD) has a hydrophobic core with neutral 

lipids, consisting of triacylglycerols (TAGs) and sterol esters, encircled by a phospholipid monolayer with 

integral and peripheral proteins. The classical hypothesis of LD biogenesis is based on ER-budding model. TAGs 

and sterol esters are synthesized in the ER. With increasing neutral lipid accumulation, lens will grow and bud 

into a nearly spherical droplet from ER membrane. Subsequently, proteins from ER bilayer and cytosol 

translocate to LD surface, Through new fatty acids synthesis and LD fusion or coalescence, LDs will grow into 

different sizes. 

 

 

2. The interactions between lipid droplets and other organelles  

The notion that LDs may have a more profound action in cellular physiology apart from their 

role as a lipid reservoir comes from the realization that LDs directly interact with other 

cellular organelles. In turn, this insight was driven by the development of novel imaging 

technologies that allow direct visualization of the physical interactions between LDs with 

other organelles in living cells (Fig. 2). A variety of interactions have now been described, in 

particular between LDs and ER, mitochondria, peroxisomes or lysosomes, respectively. As it 

will become clear below, LD-ER and LD-mitochondrion interactions play the most prominent 

roles in progression of liver diseases. 
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Figure 2. Interactions between lipid droplet and other cellular organelles. ER is the place to form LDs, and LD-ER 

contacts transport lipids and proteins. Mitochondria can be divided into two subpopulations: peridroplet 

mitochondria that bind to LDs support triacylglycerol synthesis and conversely reduce β-oxidation activity, and 

cytoplasmic mitochondria that take place lipolysis to supply energy. Peroxisomes exert lipolysis through 

catabolization of fatty acid β-oxidation. Lysosomes degrade fatty acids through autophagy. ER: endoplasmic 

reticulum; LDs: lipid droplets. 

 

2.1 LD-ER interaction 

The ER is responsible for LD generation. Neutral lipids, which form the core of LDs, are 

synthesized in the ER and are subsequently packed in a phospholipid monolayer after which 

the nascent organelles may bud from the ER into the cytosol in a multistep process [6]. 

Depending on the exact phospholipid composition and resulting surface tension, LDs of 

different sizes are formed, while final release from the ER requires surface protein loading of 

the LDs [7]. Protein translocation from the ER membrane to LDs requires such proteins to 

have a hydrophobic hairpin structure. Importantly, however, LDs often do not dissociate at 

all but remain associated to the ER. Indeed, in yeast LDs universally appear connected to the 

ER membrane [8]. Using spectral imaging of monkey COS-7 cells, 85% of LDs were estimated 
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to be in physical contact with the ER [9]. Such association may facilitate recycling of LD 

components. If cellular metabolic need requires lipid mobilization, the level of neutral lipids 

presents in LDs will decline. Some integral droplet proteins such as AAM-B and UBXD8 will 

then return back to the ER [10], while other proteins are transported to the Golgi complex 

[11]. Yet other LD proteins are degraded via ubiquitin-proteasome system or autophagy [12]. 

Seipin is stably associated with nascent ER-LD contacts [13], which supports the formation of 

ER-LD contacts and promotes delivery of triacylglycerols from ER to LDs [14]. Thus overall, LDs 

appear to be dynamic structures and their constituents can enter a multitude of other 

subcellular compartments. 

The ER is very sensitive to changes in the intracellular environment, if such changes provoke 

accumulation of unfolded or misfolded proteins in ER and unfolded protein response (UPR) 

ensues. The presence of a UPR is implicated in many diseases [15] involving a highly ordered 

signal transduction cascade that includes IRE1, PERK and ATF6, and results in either a return 

to ER homeostasis or induction of programmed cell death [16]. An evolutionary conserved 

effect of the UPR is the induction of LD formation [17, 18]. This may be a consequence of 

metabolic reprogramming following activation of the UPR, which involves downregulation of 

many metabolism-related genes including transcription factors and thus promotes lipid 

accumulation in the liver [18, 19]. In turn, LDs can take up unfolded and misfolded proteins 

from the ER and hence alleviate ER stress [20]. Thus, LDs actively contribute to appropriate 

functioning of the ER. 

2.2 LD-mitochondrion interaction 

Besides the ER, mitochondrion is also a prime target for interaction with LDs [21]. In 

mammalian cells, lipolysis of LD-derived fatty acids takes place in mitochondrion through β-

oxidation [22, 23]. During nutrient starvation, LD-derived lipids are necessary for ATP 

production and accordingly LD-mitochondrion interactions are induced in an AMPK 

activation-dependent process [24]. Direct connections between LDs and mitochondria are 

required to enable flux of fatty acids into mitochondria [25]. 

Based on LD-interaction status, mitochondria can be divided into two subpopulations, 

peridroplet mitochondria that binds to LDs and cytoplasmic mitochondria, with distinct role 

in lipid metabolism [26]. Peridroplet mitochondria have a distinctive protein composition and 
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structure reflecting their role in lipid metabolism, supporting both triacylglycerol synthesis 

and β-oxidation [27]. Important in LD-mitochondrion interaction is the perilipin protein family. 

They act as surface scaffolds and regulators in LDs [28]. The members of perilipin family 

interact with mitochondrion to exert functions in lipid metabolism. In mammals, this function 

is mediated by Perilipin 5 (Plin5) which recruits mitochondria to the LD surface through its C-

terminal region but concomitantly protects the mitochondrion from excessive fatty acid 

exposure by regulating LD hydrolysis and controlling local fatty acid flux [29]. In addition to 

lipid metabolism regulation and lipotoxicy defense, Plin5 also has antioxidant role to alleviate 

oxidative damage, whereas oxidative stress is intimately associated with mitochondrial 

electron transport chain [30].  

Some aspects of LD-mitochondrion interactions also involve ER. Calcium (Ca+) is an important 

intracellular second messengers stored in the ER [31] . In mammalian models, LDs mediate 

Ca+ signal transduction from the ER to the mitochondrion [32, 33]. Another example is MIGA2, 

an outer mitochondrial membrane protein that links mitochondria to LDs, but also binds to 

the membrane proteins VAP-A or VAP-B of ER. Through multifaceted links among 

mitochondria, ER and LDs, MIGA2 promotes de novo lipogenesis from non-lipid precursors 

and stores lipids in LDs [34]. Hence, LDs are an essential component in the joint regulation of 

cellular metabolism by the ER and the mitochondrial compartment. 

2.3 LD-peroxisome interaction 

Peroxisomes are membrane-bound organelles present in the cytoplasm of all eukaryotic cells. 

They are essential in metabolism of lipids and reactive oxygen species. In the liver, 

peroxisomes also catabolize bile acid intermediates. Both LDs and peroxisomes are formed in 

the ER. This is thought to occur at the same ER subdomains where the reticulon homology 

domain of the multiple C2 domain containing transmembrane protein is located. This 

suggests that an intimate interactions between LDs and peroxisomes may exist, as both 

organelles are generated at the same location and both have an important role in cellular lipid 

metabolism [35]. An obvious example of LD-peroxisome interaction functionality is the β-

oxidation of fatty acids. This crosstalk links lipolysis mediated by LDs to catabolize fatty acid 

β-oxidation within the peroxisomes [36], which likely involves trafficking of proteins and lipids 

between these organelles and the mitochondrion [37]. Experimental demonstration of the 
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interactions between LDs, peroxisomes and mitochondria and its role in regulation of energy 

consumption has been reported in murine adipocytes involving the CIDE-ATGL-PPARα 

pathway [38]. Thus a picture emerges that around the LD a metabolic niche is generated that 

coordinates cellular lipid metabolism. 

2.4 LD-lysosome interaction 

Lysosomes are important for cellular waste disposal and accordingly contain a variety of 

enzymes that enable the digestion of biomolecules including lipids. Lysosomes are closely 

linked to LD catabolism. Although LD catabolism is most directly linked to lipolysis, LDs can 

also be subject to autophagy. Conversely, degradation of cellular components by lysosomes 

may increase availability of triacylglycerol and thus necessitate LD formation [39]. In the liver, 

involvement of autophagy in lipid catabolism is most prominent during fasting or nutrient 

deprivation, although lipophagy also maintains constitutive lipid degradation. Lysosomes 

regulate lipid metabolism through autophagy, and inhibiting autophagy can increase the 

amount of triacylglycerols and LDs [39].LDs provide lipid precursors for autophagosome 

biogenesis, more specifically for autophagosomal membrane formation [40]. Furthermore, 

the ER can also contribute to the interactions between LD and autophagy [41]. 

3. Lipid droplets and their interactions with other organelles in major liver 

diseases 

Dysregulation and imbalance of lipid metabolism in the liver inevitably causes pathogenesis. 

The most prominent disorder in this respect is fatty liver disease. Fatty liver disease is a 

leading etiology of primary liver cancer, and altered hepatic lipid metabolism can fuel hepatic 

carcinogenesis providing a direct link between LDs and liver cancer (Fig. 3). In addition, 

intracellular pathogens, including hepatitis viruses, can exploit LDs to sustain their life cycle. 

Lipid metabolism is a complicated process involving many different organelles to maintain the 

balance. Imbalance of lipid homeostasis will cause damage to organelles and promote disease 

progression. 
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Figure 3. Lipid droplets in major liver diseases. Excessive fatty acids lead to lipid metabolic disorder. Imbalance 

of lipid homeostasis will trigger LD formation that promotes development of metabolic dysfunction-associated 

fatty liver disease. Similarly, hepatitis virus infections, especially HBV and HCV, accelerate lipid accumulation and 

cause inflammation in the liver. In turn, LDs support the life cycle of hepatitis viruses. Fatty acids sustain HCC 

cell growth and create a supportive microenvironment for cancer stem cells. LDs: lipid droplets; HBV: hepatitis 

B virus; HCV: hepatitis C virus; HCC: hepatocellular carcinoma. 

 

3.1 Metabolic dysfunction-associated fatty liver disease 

Metabolic dysfunction-associated fatty liver disease (MAFLD) is under the new nomenclature 

for pathology previously referred as non-alcoholic fatty liver disease (NAFLD). MAFLD is 

defined as hepatic steatosis in conjunction with at least one of three conditions, including 

overweight/obesity, presence of type 2 diabetes mellitus, or evidence of metabolic 

dysregulation [42]. Although the precise epidemiology of MAFLD remains unknown as a new 

terminology, the prevalence of NAFLD has been estimated to be 25% of the global population 

[43]. 

Steatosis may present as either microvesicular or macrovesicular LDs in hepatocytes and is 

the hallmark of fatty liver disease. Fatty acids in the liver are derived from diet uptake, de 
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novo lipogenesis and endogenous lipid catabolism. Imbalance in lipid anabolism and 

catabolism causes excessive fatty acid storage in hepatocytes as LDs, promoting the 

development of fatty liver disease. Fatty acids can also be converted to lipid intermediates 

that impair insulin signaling, referring as lipid-induced insulin resistance and lipotoxicity. 

Accumulated LDs will trigger further hepatic oxidative stress and inflammation, resulting in 

continued liver damage and more advanced disease stage such as steatohepatitis [44].  

Disease progression of MAFLD involves the interactions between LDs and other organelles. 

Hepatic steatosis progresses to steatohepatitis often accompanied by ER stress, and 

mitochondrial and lysosomal dysfunctions. Activation of cell stress pathways and impairment 

of organelle functions play important role. Disorder of lipid metabolism causes chronic ER 

stress in the liver via disruption of calcium homeostasis, and ER stress in turn induces LD 

formation and hepatic steatosis [45, 46]. PLIN2 is a LD-associated protein that provides 

reciprocal stabilization to LDs, and its expression is positively correlated to mitochondrial 

activation [47].  

LD-associated proteins are also important for MAFLD progression. The PAT family proteins 

located on LD surface include perilipin, adipophilin, TIP47, S3-12 and OXPAT. They are 

differentially expressed in fatty compared to normal liver. Perilipin, adipophilin and TIP47 are 

associated with different LD sizes. TIP47 affects nascent LDs, while perilipin and adipophilin 

are important for maturation and maintenance of LDs in human hepatocytes [48]. CIDEA and 

Fsp27 are LD-associated proteins that promote LD fusion and regulate lipid storage. Their 

expression is dramatically upregulated in hepatic steatosis [49]. This process may be mediated 

by MKP5. Because loss of MKP5 in mice activates p38, resulting in increased expression of 

CIDEA and Fsp27 [50]. 17β-hydroxysteroid dehydrogenase-13 (17β-HSD13), a newly identified 

LD-associated protein, has been demonstrated as a pathogenic protein in MAFLD. 17β-HSD13 

controls the number and size of LDs and is causative for fatty liver phenotype [51]. High 

expression of 17β-HSD13 in fatty liver has been shown to be induced by liver X receptor α 

through SREBP-1c in mouse model [52]. 
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3.2 Alcoholic liver disease 

Alcoholic liver disease (ALD) is one type of epidemic chronic fatty liver disease worldwide. 

Accumulation of LDs is a common feature in both MAFLD and ALD, but chronic alcohol 

consumption results in some unique characteristics of ALD.  

Alcohol intake can induce LD accumulation and alter LD properties to induce macrosteatosis 

[53, 54]. Except direct effects on LD accumulation, alcohol and its metabolite, acetaldehyde, 

indirectly induce LD generation through damage of other organelles. They can decrease 

mitochondrial β-oxidation, impair lysosome biogenesis and increase cholesterol level by 

inducing ER stress that leads to mitochondrial impairment [55-57]. LD motility maintaining 

the interactions with other organelles relies on cytoskeletal motors [58]. Alcohol induces 

microtubule acetylation, which impairs LD motility and accumulation of large, immobile LDs 

in the liver [59]. Thus, alcohol-induced lipid deposition decreases LD motility and prevents 

active communications with other organelles. 

3.3 Viral hepatitis  

Viral hepatitis can be caused by the five hepatotropic viruses including hepatitis A, B, C, D and 

E. Globally, about 500 million people are chronically infected with hepatitis B (HBV) or C (HCV) 

virus. The link of HBV to LDs is mainly through the viral HBx protein, which causes lipid 

accumulation by upregulation of the liver X receptor and its lipogenic target genes [60, 61]. 

HBV viral particle production has been shown to impair LD expansion associated with 

inhibition of the expression of CIDE proteins in cell culture models. Because CIDE proteins 

support HBV production; this may serve as a negative feedback loop for maintaining 

persistent infection [62]. 

HCV is the best known pathogen with close connections to LDs. LDs serve as putative sites for 

viral assembly during HCV replication [63]. The process of infectious HCV particle assembly 

consists of nucleocapsid formation, budding into the ER, and virion maturation. The capsid 

Core protein closely associates with LDs, and further recruits nonstructural proteins around 

LDs to participate in virus production [63]. HCV assembly likely takes place at the sites 

requiring interactions of ER and LDs [64]. A recent high-resolution imaging study in cell culture 

models indicates selective recruitment of ER membranes wrapping LDs to form membranous 
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structure coupling HCV replication and assembly [65]. HCV infection also causes ER stress and 

leads to Ca2+ release from ER to mitochondria resulting in mitochondrial dysfunction. This 

triggers oxidative stress, lipogenesis and decreased oxidative phosphorylation [66]. HCV Core 

protein can also be efficiently targeted to LDs outside the context of virion assembly, and 

induce LD redistribution and hepatic steatosis [67, 68]. This partially explains why MAFLD is a 

prominent feature of chronic hepatitis C patients, and eradication of HCV by antiviral 

treatment dramatically decreases liver steatosis [69].  

3.4 Liver cancer 

Fatty liver disease and viral hepatitis are the leading etiologies of primary liver cancer, namely 

hepatocellular carcinoma (HCC). Enhanced lipogenesis is a metabolic hallmark of cancer cells, 

and aberrant lipid metabolism universally occurs in HCC cells [70]. Fat-containing liver lesions 

are commonly seen in HCC patients [71]. In HCC, lipogenesis pathway is over-activated, while 

fatty acid oxidation is concomitantly downregulated [72, 73]. Specific to the high rate of 

tumor growth, HCC cells require fatty acids to support their proliferation [74]. Hypoxia is a 

common feature in liver cancer development. Hypoxia inhibits mitochondrial activity and ROS 

accumulation through HIF/HEY1/PINK1 pathway [75]. Under hypoxic conditions, LD 

catabolism is inhibited by ATGL, the rate limiting lipase in lipolysis, leading to LD accumulation, 

and thus adapting cellular metabolism and provoking resistance to programmed cell death 

[76, 77]. 

Recent evidence indicates the essential involvement of lipid metabolism in cancer stem cells 

(CSCs). Activation of intrinsic lipid pathways in CSCs upregulates fatty acid de novo synthesis 

[78]. Furthermore, the lipid context in tumor microenvironment, in particular the stem cell 

niche, regulates CSC behavior [79]. Liver tumors are known to harbor CSCs [80], and the role 

of LDs and lipid metabolism in this unique cancer cell population deserves to be further 

studied.   

4. Conclusion 

The liver is a central organ in lipid metabolism and LDs are widely present in hepatocytes. LDs 

play key roles in health and diseases of the liver, involving in lipid metabolism, energy 

homeostasis, cell signaling, inflammation, pathogen-host interaction and carcinogenesis. LDs 
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are highly dynamic organelles closely associated and interacting with other celleular 

organelles. The presence of LDs and their interactions with different organelles has been 

widely observed in different liver diseases. However, there remain many knowledge gaps in 

understaning the implications of these interactions. The exact biological functions of different 

inetractions between LDs and specific organelles are still largely elusive. The mechnisms that 

regulate these dynamic interactions have hardly been revealed. Thus, mechnistically 

decipering the role of LDs and their interactions with other organelles in the liver shall help 

to better understand pathegensis of major liver diseases inclduing MAFLD, viral hepattis and 

cancer, as well as to facilitate therapeutic development.  
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Abstract 

Mitochondria are essential organelles for cellular energy and metabolism. Like with any organ, 

the liver highly depends on the function of these cellular powerhouses. Hepatotoxic insults 

often lead to an impairment of mitochondrial activity and an increase in oxidative stress, 

thereby compromising the metabolic and synthetic functions. Mitochondria play a critical role 

in ATP synthesis and the production or scavenging of free radicals. Mitochondria orchestrate 

many cellular signaling pathways involved in the regulation of cell death, metabolism, cell 

division and progenitor cell differentiation. Mitochondrial dysfunction and oxidative stress 

are closely associated with ischemia-reperfusion injury during organ transplantation and with 

different liver diseases, including cholestasis, steatosis, viral hepatitis, and drug-induced liver 

injury. In order to develop novel mitochondria-targeting therapies or interventions, a better 

understanding of mitochondrial dysfunction and oxidative stress in hepatic pathogenesis is 

very much needed. Therapies targeting mitochondria impairment and oxidative imbalance in 

liver diseases have been extensively studied in preclinical and clinical research. In this review, 

we provide an overview of how oxidative stress and mitochondrial dysfunction affects liver 

diseases and liver transplantation. Furthermore, we summarize recent developments of 

antioxidant and mitochondria-targeted interventions. 

Keywords: Mitochondrial dysfunction; Oxidative stress; Liver disease; Liver transplantation; 

Ischemia-Reperfusion Injury; Antioxidant  
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Introduction 

The liver plays a pivotal role in detoxification and blood purification to protect the organism 

from endogenous and exogenous toxic compounds. Related to its high metabolic activity, liver 

parenchymal/epithelial cells including hepatocytes and cholangiocytes contain high numbers 

of mitochondria. These mitochondria maintain homeostasis of cellular energy but also 

contribute hepatic pathogenesis once their metabolic function is impaired. Components of 

electron transport chain of mitochondrial can be affected by numerous triggers such as drugs, 

high lipid intake, viruses, or ischemia [1]. Mitochondrial perturbation results in oxidative 

stress, defined as imbalanced redox homeostasis caused by excessive synthesis of oxidative 

products or exhaustion of antioxidant substances. Oxidative substances, mostly reactive 

oxygen species (ROS) and reactive nitrogen species (RNS), are mainly produced in 

parenchymal cells and Kupffer cells in the liver and can damage biologically relevant 

macromolecules such as carbohydrates, DNA, proteins and lipids [2]. Mitochondrial 

dysfunction and oxidative stress are inseparable processes and play a critical role in cell death, 

inflammation and fibrosis during many liver diseases such as steatohepatitis, alcoholic liver 

disease (ALD), cholestasis, cirrhosis, and hepatic malignancies [3]. Also, ischemia-reperfusion 

injury (IRI), a major cause of liver transplantation failure, is also strongly associated with 

oxidative injury [4]. However, the crosstalk between redox signalling and mitochondrial 

defects and its precise role in hepatic pathogenesis remain unclear. In addition, over the last 

decades, various therapies have been developed to eliminate ROS/RNS, enhance antioxidant 

defense or restore mitochondrial homeostasis. Several antioxidative agents, such as vitamin 

E and ursodeoxycholate (UDCA), have been clinically utilized as the first-line drugs in the 

treatment of liver diseases [5]. Nevertheless, numerous antioxidative therapies failed to get 

into clinical application due to unsatisfactory clinical outcome or even side effects in patients. 

This phenomena, also known as the “antioxidant paradox”, highlights the gaps in our current 

knowledge and the incomplete understanding of the pathogenetic role of mitochondrial 

dysfunction and oxidative stress in liver transplantation and underlying diseases [6]. In this 

review, we first summarize the evolving concepts and underlying mechanisms of 

mitochondrial impairment and redox imbalance and interpret their involvement in cell death, 

inflammation and fibrogenesis. We then emphasize the pathogenetic role of mitochondrial 

dysfunction and oxidative stress in major liver diseases and liver transplantation. Finally, the 
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recent advancement of antioxidative and mitochondria-targeted therapeutic regimens will 

also be discussed. 

Mitochondrial dysfunction and oxidative stress in hepato-pathogenesis 

Mitochondria as the main source of ROS/RNS 

The ROS/RNS family includes superoxide (O2
• −), hydrogen peroxide (H2O2), peroxynitrite and 

nitric oxide (NO) [7]. Continuous generation of ROS/RNS is a part of normal aerobic 

metabolism and serves as signal-transducing molecules in metabolism, gene 

transcription/translation, cell cycle, and differentiation [5]. Excessive ROS/RNS are scavenged 

by the antioxidant defense system. The imbalance between ROS/RNS production and 

scavenging, however, is detrimental to cells. The shift from being beneficial to detrimental is 

orchestrated by the amount and duration of ROS/RNS production [8].  

Mitochondria are intracellular organelles serving as cellular powerhouses and are the main 

source of ATP production in a cell. In addition to this role in energy metabolism, mitochondria 

are involved in calcium homeostasis, signal transduction and controlling programmed cell 

death [9]. Most intracellular ROS/RNS are produced by impaired mitochondria [10] as by-pro 

ducts of oxidative metabolism (Fig. 1). They are mainly generated at the site of oxidative 

phosphorylation (OXPHOS) of the electron transport chain (ETC), which takes place on the 

inner mitochondrial membrane [11, 12]. Approximately 0.2-2.0% of electrons still escape 

from complex I and III of ETC [13]. Electron leakage generates O2
• − which is rapidly divided 

into H2O2 and O2 by superoxide dismutase (SOD) [12].  

Another primary source of ROS is through NADPH oxidases (NOXs) which catalyze electron 

transfer from NADPH to molecular oxygen to produce O2
• − and H2O2 [14]. Activated NOXs 

increase mitochondrial ROS (mtROS) production, and increased mtROS level in turn, activates 

NOXs, suggesting a feed-forward cycle between mtROS and NOXs [15, 16]. 

The RNS family including NO also play a critical role in liver redox reactions. NO is produced 

from L-arginine catalyzed by nitric oxide synthases (NOS). Mitochondrial NOS activity is 

regulated by complex I of ETC [17, 18], and mitochondria have been suggested as a primary 

source of RNS [19].  
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Figure 1. The main intracellular sources of ROS/RNS. Many cell organelles can produce ROS, acting as a signal-

transducing molecule. Excessive ROS can induce lipid oxidation, inflammatory responses, fibrosis, or cell death 

in the liver. The main source of ROS is generated by ETC. NADH and FADH2 are respectively involved in the TCA 

cycle, and β-oxidation of fatty acids donates electron and H+ to mitochondrial ETC. With the process of electron 

transfer from complex I/complex II to complex IV, electrons leak from ETC attack O2, leading to O2
• − formation. 

O2
• − has a short half-life that is rapidly divided into H2O2 and O2 by SOD. NOX is also the main ROS source that 

transfers an electron to O2 to produce O2
• − and H2O2. Increasing mtROS activate NOXs, which, in turn, enhances 

mtROS generation. This feed-forward cycle between NOXs and mitochondria maintains the cellular redox 

homeostasis. O2
• − produced by ETC can respond to NO•, which is produced from L-arginine by NOS catalysis to 

generate ONOO−. Besides, ONOO− can also be produced in mitochondria, which is mainly catalyzed by mtNOS. 

FADH2, flavin adenine dinucleotide; ONOO−, peroxynitrite; mtNOS, mitochondrial NOS. 
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Mitochondrial dysfunction is associated with programmed cell death  

Cell death is a crucial feature of liver injury. Mitochondrial dysfunction and oxidative stress 

contribute to apoptosis, a well-characterized type of programmed cell death. Increased 

mtROS/RNS oxidize cardiolipin, a mitochondrial lipid, which augments mitochondrial 

membrane permeability and the release of cytochrome c (Cytc). Released Cytc induces the 

formation of apoptosome complexes and subsequent activation of caspase-3 and -9, leading 

to caspase-dependent apoptosis (Fig.2) [20, 21]. Alternatively, pro-apoptotic proteins, such 

as apoptosis-inducing factor (AIF), translocated from the mitochondria to the cytosol through 

permeabilization of the mitochondrial membrane, mediating the fragmentation of DNA and 

causing caspase-independent apoptosis (Fig.2) [22]. 

 

Figure 2.  The role of oxidative stress and mitochondrial dysfunction in hepatic cell death, inflammation, and fibrogenesis. a) 

Mitochondrial function could be impaired during chronic liver injury induced by the hepatitis virus, fatty acid, alcohol, and 

drugs. Defected mitochondrial and subsequent oxidative stress are involved in the execution of multiple programmed cell 

death. Pro-apoptotic proteins such as AIF could translocate from mitochondrial to the cytosol via permeabilization of the 

mitochondrial membrane and ultimately elicit caspase-independent apoptosis. Likewise, released Cytc from mitochondrial 

can induce caspase-dependent apoptosis by forming apoptosome and activating caspase effectors. mtROS released from 

impaired mitochondrial facilitates the auto-phosphorylation of RIPK1 and thus promotes necroptosis. RIPK3 could result in 
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a massive generation of ROS by activating mitochondrial GLUD1. MLKL could mediate fragmentation of mitochondrial 

through activation of PGAM5 and Drp1 and consequently execute necroptosis. Besides, overloaded Ca2+ triggers CYPD-

mediated MPT, leading to a dramatic drop of ATP and ultimately causes MPT-driven regulated necrosis. Subsequent released 

DAMPs from dying cells are critical effectors in hepatic inflammation and fibrogenesis. b) mtDNA and mtROS can interact 

with TLRs on Kupffer cells, activating NF-κB pathways and NLRP3 inflammasomes, promoting the production of 

proinflammatory cytokines. Activated NF-κB could, in turn, suppress NLRP3 inflammasomes by the elimination of defective 

mitochondrial, mediated by mitophagy. Activated Kupffer cells serve as an essential ROS source, amplifying inflammation 

and spreading cell death. c) Mitochondrial formylated peptides conjunct with FPR1 on neutrophils, which promotes 

neutrophil chemotaxis. Chemokines collaborated with formylated peptides, ATP and mtDNA, lead to neutrophils recruitment. 

d) ROS produced by Kupffer cells, neutrophils, and injured hepatocytes could transform HSCs from quiescent to functional 

status and further promote the proliferation of active HSCs, consequently causing hepatic fibrosis. 

 

There are several non-apoptotic forms of programmed cell death, also known as “regulated 

necrosis”, including necroptosis, ferroptosis, pyroptosis, and mitochondrial permeability 

transition driven necrosis. These non-apoptotic programmed cell death share similar 

morphological features with accidental necrosis but are regulated by specific signaling [23]. 

Emerging evidence suggests a critical role of non-apoptotic programmed cell death in hepatic 

pathogenesis [23, 24]. Mitochondrial dysfunction essentially contribute to MPT-driven 

programmed cell death (Fig.2) [25], but not ferroptosis, an iron-dependent form of 

programmed cell death [26, 27].  

The role of mitochondrial dysfunction and oxidative stress in programmed cell death is 

multifaceted. For instance, necroptosis is mediated by receptor-interacting protein kinase 1 

(RIPK1), receptor-interacting protein kinase 3 (RIPK3) and pseudokinase mixed lineage kinase 

domain-like (MLKL), in the case caspase 8 activity is absent or blocked. MtROS functions in a 

positive feedback loop to promote necroptosis by facilitating the auto-phosphorylation of 

RIPK1 and necrosome formation. A burst of ROS could be triggered by RIPK3 via the activation 

of mitochondrial glutamate dehydrogenase 1 (GLUD1) and serves as an effector of 

necroptosis [28, 29]. MLKL activity may result in mitochondria fragmentation by activating 

phosphoglycerate mutase family member 5 (PGAM5) and dynamin-related protein 1 (Drp1) 

to execute necroptosis (Fig.2) [30]. Nonetheless, recent studies suggest that necroptosis 

cannot be retarded by the depletion of either mitochondria or PGAM5, implicating that 

mitochondria do not play a role in necroptosis [31, 32]. MtROS production is supposed to 

accompany, rather than cause, necroptosis [32]. Hence, there may be multiple mechanisms 
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involved in necroptosis and the precise role of mitochondrial dysfunction and oxidative stress 

remains to be further studied.  

Mitochondrial dysfunction and oxidative stress in hepatic inflammatory response  

Mitochondrial dysfunction and oxidative stress participate in hepatic inflammatory responses 

via damage-associated molecular patterns (DAMPs) released from damaged hepatocytes. 

DAMPs bind to various cell surface or intracellular receptors to activate innate and adaptive 

immune responses [33]. In parallel, passive release or active secretion of mitochondria 

DAMPs (mtDAMPs) into cytosol or extracellular space trigger inflammatory responses by 

directly binding to the cell surface and intracellular receptors [34]. Interaction of 

mitochondrial DNA (mtDNA) and mtROS with toll-like receptors (TLRs) results in activation of 

pro-inflammatory signaling through nuclear factor kappa B (NF-κB), NOD-, LRR- and pyrin 

domain-containing protein 3 (NLRP3) inflammasomes [35, 36]. Passively released 

mitochondrial formylated peptides from necrotic cells can interact with formyl peptide 

receptor 1 (FPR1) on neutrophils, driving neutrophil chemotaxis and neutrophil-dominant 

sterile inflammation [34, 37]. Mitochondrial formyl peptides, ATP and mtDNA can collaborate 

with chemokines including chemokine (C-X-C motif) ligand-1 (CXCL1) and -8 (CXCL8) to 

mediate neutrophil recruitment. This further amplifies hepatocyte necrosis and may elicit a 

systemic inflammatory response and remote tissue injury [38]. mtROS also serves as a 

secondary messenger to regulate inflammasome-(in)dependent pro-inflammatory cytokine 

production by modulating the equilibrium between positive and negative regulators [39, 40]. 

NF-κB has been shown to restrain NLRP3 activation through mitophagy by deposition of 

dysfunctional mitochondria, revealing a critical anti-inflammatory mechanism of mitophagy 

(Fig.2) [41, 42]. 

Mitochondrial dysfunction in liver regeneration and fibrosis 

The liver has remarkable regenerative capacity to maintain tissue homeostasis when exposed 

to toxins or partial hepatectomy [43]. Currently, little is known about the role of mitochondrial 

dysfunction and oxidative stress in liver regeneration, which is controlled by the delicate 

balance of hepatocyte division and apoptosis. Typical compensatory cellular hyperplasia is 

accompanied by increased mitochondrial oxidation. However, a recent study revealed 

impaired mitochondrial function upon the arrest of hepatocyte division. To maintain liver size, 
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synthesis of alanine and a-ketoglutarate from pyruvate is boosted to induce compensatory 

cellular hypertrophy, rather than hyperplasia [44]. 

In contrast to a “transient” regenerative response evoked by acute cellular injury, chronic 

injury by alcohol, fatty acid, or virus, promotes a fibrogenic response characterized by 

inflammation and remodeling of the liver extracellular matrix. Mitochondrial dysfunction and 

oxidative stress have been recognized as critical mediators of liver fibrosis [45]. ROS produced 

by hepatocytes and Kupffer cells as a response to damage, is involved in cell death and 

subsequent amplification of paracrine inflammation to promote fibrogenesis [46]. Hepatic 

stellate cells (HSCs) are the main effectors in liver fibrosis through the transformation from 

quiescent to a functional state in response to damage. HSC activation involves the excessive 

generation of ROS, mainly NOX-dependent ROS, in neighboring cells such as neutrophils, 

Kupffer cells and damaged hepatocytes [47]. However, once HSCs are activated, their 

response to ROS is deflected. ROS provides a critical pro-apoptotic trigger to activated HSCs, 

possibly by decreasing intracellular GSH levels [48-50]. As current anti-fibrotic therapies are 

based on using antioxidants, this paradox should be critically assessed. Of note, a recent study 

demonstrates that mtDAMPs released from injured hepatocytes is regulated by phagocytic 

hepatic macrophages and could directly activate HSCs, thus promoting liver fibrosis [51]. This 

suggests that direct targeting mtDAMPs or modulating mtDAMPs by phagocytic hepatic 

macrophages may be a potential anti-fibrotic strategy.  

Mitochondrial dysfunction and oxidative stress in liver transplantation 

Liver transplantation using conventional organ procurement and preservation methods is 

always associated with hypoxia and is associated with ischemia-reperfusion injury (IRI). In 

addition to liver transplantation, hepatic IRI is a major risk in clinical settings such as shock, 

trauma and liver resection. The damage to parenchymal cells is elicited by deprivation of 

oxygen and becomes augmented once the oxygen supply is restored. In particular, hepatic 

warm and cold ischemia followed by reperfusion in liver transplantation represents the main 

factor determining graft function and survival after transplantation [52]. The mechanism of 

hepatic IRI encompasses exacerbated oxidative injury, impairment of mitochondrial function 

and activation of the immune system. Clinical evidence has shown that circulating mtDAMPs 

are associated with the onset of early allograft dysfunction in liver transplant recipients [53]. 
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In light of organ shortage, grafts from extended criteria donors, such as older, steatotic, and 

brain death donors, have been increasingly applied in liver transplantation. These are 

considered to be more susceptible to IRI, especially as a result of oxidative injury [54]. 

Interruption of the mitochondrial respiratory chain in hepatocytes lacking sufficient oxygen is 

the first event in (warm) ischemia. Consequently, OXPHOS is abrupted quickly which causes 

depletion of ATP, acceleration of glycolysis and production of lactate, leading to hepatocyte 

death and DAMPs release [55]. Sinusoidal endothelial cells play a protective role in liver 

homeostasis and remain the most injured cell type in cold ischemia, also known as 

“preservation injury”, which can induce ROS production and further Kupffer cell activation 

[55]. Recent studies show that endothelial dysfunction during cold ischemia is mediated by 

down-regulation of Kruppel-like Factor 2 (KLF2), a cellular growth and differentiation 

regulator, which impairs the antioxidant system by suppressing transcription of protective 

genes such as endothelial synthase of NO and Nrf2 [56, 57]. Multiple studies revealed the 

beneficial effect of pretreatment of donors after circulatory death with KLF2 inducers as a 

supplement in the cold storage solution, attenuating oxidative stress and improving graft liver 

function [57, 58]. Subsequently, reperfusion injury is initiated by ischemia and represents a 

dramatically vulnerable phase with massive oxidative injury and inflammatory response. A 

major event in this phase is the excessive production of ROS in the recovered and viable cells 

[59]. In the early stage of reperfusion, damaged endothelial cells and Kupffer cells are ROS, 

which further actives Kupffer cells and initiates neutrophil recruitment, ultimately leading to 

a larger portion of damage and inflammatory response in the late stage of reperfusion [60]. 

Emerging evidence indicates that the burst of ROS generation and oxidative stress in grafts 

from extended criteria donors under IRI stress could be ameliorated by ex vivo machine 

perfusion [61]. Moreover, both antioxidative treatment of donor and recipient, and 

supplementation of antioxidants during machine perfusion exhibit promising therapeutic 

potential to diminish hepatic IRI [62, 63]. 

Defective mitochondria play a critical role in hepatic IRI. Mitochondrial permeability transition 

pore (MPTP) opening could be induced by alkaline pH, mtROS (rather than cytosolic ROS), and 

calcium overload during IRI, leading to depolarization, uncoupling and swelling of 

mitochondria and ultimately cause ATP depletion and necrosis, which is the dominant cell 

death type in reperfusion phase [4]. Primarily, after the onset of MPTP, the subsequent 
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extracellular release of Cytc can trigger ATP- and caspase-dependent apoptosis. However, 

once ATP is depleted due to sudden ischemia, necrotic cell death is induced in hepatocyte. 

Thus, in the context of hepatic IRI, the depletion status of ATP serves as a switch between 

ATP-dependent apoptosis and ATP depletion-dependent necrosis [64]. As aforementioned, 

mtDAMPs released from dead cells are capable to trigger localized and systematic 

inflammation. A recent study suggests that the post-transplant level of serum mtDNA 

fragment is associated with the recovery of patients undergoing liver transplantation and 

predicts the onset of postoperative multi-organ dysfunction syndrome [65]. Additionally, 

blockage of MPTP to restore mitochondrial function has been studied for a long time as a 

promising therapeutic approach against hepatic IRI. Cyclophilin D (CYPD) is a critical regulator 

of MPTP opening in the inner mitochondrial membrane. A recent study demonstrated that 

the small-molecule inhibitors of CYPD reduce calcium-induced mitochondria swelling, restore 

hepatic calcium retention and OXPHOS parameters, and consequently attenuate hepatic IRI 

[66].  

Innate and adaptive immune responses are strongly associated with immediate graft function 

and long-term outcome in liver transplantation. The involvement of mitochondrial in this 

process cannot be ignored. The metabolism and functions of innate and adaptive immune 

cells are extensively modulated by mitochondria, in which mtROS acts as the critical signalling 

molecules. For instance, excessive ROS and perturbation of mitochondrial function are 

detrimental to neutrophil migration and promote neutrophils apoptosis [67, 68]. Similar 

results are seen in macrophages, where defective mitochondria prevent repolarization from 

a pro-inflammatory macrophage phenotype to an anti-inflammatory phenotype [69]. In 

contrast, the production of mtROS is not detrimental, but an essential step for T cells 

activation [70]. Likewise, mitochondrial function instructs the activation and cell fates of B 

cells [71]. A recent study observed an increased expression of mitochondrial-encoded genes 

in peripheral blood mononuclear cell of recipients with acute rejection after kidney 

transplantation, potentially indicating a predictive value of mitochondrial gene expression for 

the onset of rejection [72]. In rodent orthotopic liver transplant model, oxidative DNA damage 

and mtDNA mutation in hepatocytes were found to be caused by TNF-α, which further 

promotes graft rejection [73]. 

 



48 | P a g e  
 

Mitochondrial dysfunction and oxidative stress in liver diseases 

Non-alcoholic fatty liver disease  

The burden of non-alcoholic fatty liver disease (NAFLD) is rapidly growing worldwide [74]. 

Alterations of mitochondrial morphology and function have been widely observed in 

hepatocytes from NAFLD patients and animal models [75]. At the early stage of NAFLD, 

increasing lipid levels are accompanied by higher numbers of mitochondria. This is associated 

with increased OXPHOS, hepatic cardiolipin, ubiquinone, and mitochondrial DNA [76-79]. 

Mitochondrial dysfunction and oxidative stress feature the progression from steatosis to non-

alcoholic steatohepatitis (NASH). In these patients, mitochondrial adaptation is impaired 

possibly because of increased ROS levels and the triggered inflammatory response [80]. In 

NASH patients, hepatic mitochondria have a swollen, rounded shape, and multilamellar 

membranes with loss of cristae and accumulation of paracrystalline inclusion bodies [75, 81]. 

These morphological changes might involve membrane permeabilization and mitochondrial 

impairment. Hepatic cardiolipin, a unique phospholipid located at the inner membrane 

interacts with many other mitochondrial inner membrane proteins, enzymes and metabolite 

carriers and is particularly susceptible to ROS-induced oxidation [82-84]. Oxidative cardiolipin 

affects ETC complex activity, ETC super-complex stability and cooperates with Ca2+ to induce 

MPTP opening [85-87]. Moreover, cardiolipin provides a recognition site for Bcl2 proteins to 

mediate apoptosis [88]. 

Uncoupling protein plays a vital role in ETC uncoupling to regulate ATP synthesis, the 

NAD+/NADH ratio and other metabolic pathways [89]. Uncoupling protein-2 (UCP2) is a 

mitochondrial inner membrane protein related to oxidative stress [90]. Under physiological 

conditions, UCP2 is expressed in Kupffer cells rather than hepatocytes [91]. However, it 

becomes abundant in hepatocytes of fatty liver [92]. Suppression of UCP2 limits hepatic IRI in 

ob/ob mice [93]. These findings indicate that UCP2-dependent mitochondria uncoupling 

seems an essential factor in NASH development. 

Alcoholic fatty liver disease 

Continuous consumption of alcohol drives hepatocyte-injury and liver inflammation. 

Alcoholic liver disease (ALD) can progress to fibrosis, cirrhosis and the development of 
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hepatocellular carcinoma (HCC) [94]. Similar to NAFLD and NASH, ALD involves mitochondrial 

dysfunction and oxidative stress. 

There are two major oxidative pathways of alcohol metabolism in the liver. Ethanol is 

converted to acetaldehyde by alcohol dehydrogenase, or is metabolized by cytochrome P-450 

2E1 (CYP2E1) through the microsomal ethanol-oxidizing system [3, 95]. Hepatic mitochondria 

are vulnerable targets by ethanol, which consumes NAD+ leading to increased NADH/NAD+ 

ratio. This inhibits the TCA cycle and fatty acid oxidation in the liver and stimulates lipogenesis 

to cause steatosis [3, 96]. Alternatively, acetaldehyde, the metabolite of ethanol, induces 

mitochondrial damage and cytotoxicity through increasing ROS and Ca2+ levels [97]. Oxidative 

stress, triggered by acetaldehyde-induced mitochondrial functionality loss, sensitizes 

hepatocytes to further oxidative damage [98]. As a result of chronic alcohol intake, 

lipopolysaccharide is released from the gut [99, 100] and increases ROS production. This 

induces mtDNA oxidative damage and inhibits mitochondrial gene transcription, eventually 

leading to mitochondrial dysfunction [101]. In parallel, lipopolysaccharide also activates 

Kupffer cells that produce large amounts of ROS, chemokines and pro-inflammatory cytokines 

augmenting inflammation, fibrosis and cell death [99, 102]. 

Viral hepatitis  

Hepatitis B virus (HBV) and hepatitis C virus (HCV) infections are frequently accompanied by 

mitochondrial injury [103, 104]. These infections promote mitochondrial fission by inducing 

Drp1 phosphorylation and induce Parkin-dependent mitophagy [103, 105]. But they have 

different ways to alter mitochondrial functions. HBV infection induces alterations of 

mitochondrial functions and transmembrane potential, increases mtROS levels, and regulates 

calcium homeostasis [106-108] HCV infection stimulates fatty acid synthesis to support viral 

RNA replication [109, 110] and overload of fatty acids triggers mitochondrial damage. NS5A, 

an HCV non-structural protein, activates NF-κB and STAT-3 by inducing oxidative stress and 

alteration of calcium levels [111], resulting in inflammatory response and subsequent HCC 

induction [112].  
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Drug-induced liver injury  

Acetaminophen overdose is the most frequent cause of drug-induced liver failure in Western 

medicine [113]. Mitochondrial dysfunction and oxidative stress play a critical role in 

acetaminophen hepatoxicity [114]. Generally, acetaminophen is metabolized into the 

reactive metabolite, N-acetyl-p-benzoquinone imine (NAPQI), primarily by CYP2E1 which can 

be deposed by GSH under a therapeutic dose of acetaminophen. In the context of 

acetaminophen overdose, NAPQI is continuously generated due to the overwhelmed GSH, 

which contributes to the depletion of GSH, the formation of adducts and subsequently binds 

to mitochondrial proteins, causing mitochondrial dysfunction and increased ROS/RNS 

generation [3]. N-acetylcysteine, the GSH precursor, has been introduced and clinically 

applied for the treatment of acetaminophen hepatoxicity since the 1970s [115]. It replenishes 

GSH stores, improves hemodynamics, scavenges ROS/RNS, recovers mitochondrial GSH and 

supports mitochondrial bioenergetics [116, 117]. Moreover, excessive ROS/RNS actives 

mitogen-activated protein kinases, especially c-jun N-terminal kinase (JNK) whereby 

phosphorylated JNK interplays with mitochondrial and augments oxidative stress and further 

promotes MPTP opening and release of AIF [118]. Oncolytic necrosis, a dominant type of cell 

death in acetaminophen hepatotoxicity, can be induced by AIF and elicit the release of DAMPs, 

including mtDAMPs, inducing sterile inflammation [34]. Circulating glutamate dehydrogenase, 

mtDNA and nuclear DNA fragments are useful indicators to evaluate mitochondrial damage 

in acetaminophen hepatoxicity and are strongly associated with the outcome in patients [34]. 

Cholestatic liver diseases 

Cholestatic liver diseases (CLD) is featured by an overload of detrimental bile acid in liver and 

circulation due to alteration of bile formation or intrahepatic/extrahepatic obstruction of bile 

ducts [119]. Several studies uncovered the central role of mitochondrial dysfunction and 

oxidative stress in CLD. A striking increase of oxidative injury markers has been reported in 

patients with chronic CLD, while the levels of antioxidants decreased [120]. Similar results 

were found in bile duct ligated rats, an experimental CLD model, in which a systemic elevation 

of lipid peroxidation products occurred in the liver and extrahepatic tissues such as kidney 

and heart [121]. In the context of moderate CLD, intrahepatic accumulation of low 

concentrations of hydrophobic bile acid triggers hepatocyte apoptosis via massive production 
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of mtROS [122]. With regard to severe CLD, dramatically increased levels of bile acid triggers 

necrosis mainly by lipid peroxidation [123, 124]. Additionally, MPT can be induced and thus 

impairs mitochondrial OXPHOS, initiating disruption of mitochondria [123, 125]. It has been 

shown that inhibition of mitochondrial fission effectively diminishes ROS levels, 

hepatocellular injury, and fibrosis in CLD [126]. Nuclear factor-erythroid 2-related factor-2 

(Nrf2), a critical regulator of antioxidative genes, has been identified as a potential target for 

treating CLD. Sustained activation of Nrf2 shows hepatoprotective effects in experimental 

CLD models [127]. One of the critical beneficial mechanism of UDCA is believed to stimulate 

Nrf2, which subsequently restores detoxification and antioxidative defense systems in the 

liver [128]. 

Liver cancer 

Primary liver cancer, mainly including HCC and cholangiocarcinoma (CCA), becomes the 

second major cause for cancer-related mortality worldwide [129]. HCC and CCA are highly 

heterogeneous and featured by aggressive progression and poor prognosis, but the 

underlying mechanisms remain elusive. Accumulating evidence suggests that mitochondrial 

dysfunction and oxidative stress act as initiator or promoter of the tumor initiation, 

progression, recurrence, and metastasis [130]. Toxic mtROS is produced in aberrant 

mitochondria under continuous exposure to insults, and subsequently elicits irreversible 

damage for both mtDNA and nuclear DNA, and mutation of proto-oncogenes and tumor-

suppressor genes, promoting cell transformation and onset of carcinogenesis [131]. 

Additionally, mtROS could also promote the survival, angiogenesis, and proliferation of tumor 

cells by activating NF-κB and stabilize HIF-1α [132, 133]. ROS-induced cell death could further 

amplify hepatic inflammation by the release of DMAPs and formation of a ROS-related vicious 

inflammatory loop, resulting in an oxidative and inflammatory microenvironment [34]. This 

microenvironment has been proven to favor the development of HCC or CCA and is essential 

to direct lineage commitment in liver cancer [134]. A recent study showed that the level of 

Kupffer cell-derived ROS is particularly higher in human CCA and surrounding hepatocytes, 

which causes JNK-dependent cholangiocellular proliferation and oncogenic transformation 

[135]. However, the involvement of ROS in liver cancer cannot be interpreted by a simple 

notion of “pro-carcinogenesis”. For instance, due to depletion of mitochondrial GSH, the 

hypoxic environment within the tumor can be reversed from pro-carcinogenesis to anti-
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carcinogenesis by overproduction of mtROS, whereby tumor cells are preferentially killed 

[136].  

Therapeutic strategies 

Silymarin/silibinin 

Silymarin is a natural extract from milk thistle (Silybum marianum) that has been used for 

centuries for treating liver diseases. Silymarin is a complex mixture of compounds in which 

silibinin represents the most prevalent and biologically active structural component [137]. 

Silymarin is a potent ROS/RNS scavenger and exhibits hepatoprotective properties in various 

experimental models [138, 139]. Production of O2
• − and NO in isolated rat Kupffer cells could 

be effectively inhibited by silibinin [139]. Silymarin can also enhance the enzymatic 

antioxidant defense system by increasing GSH synthesis and attenuate acetaminophen 

hepatoxicity in mice [138]. A recent study identified silymarin as an inducer of Nrf2 and 

regulator of the redox signalling pathway [140]. Additionally, by blocking the activation of NF-

κB and inflammatory metabolites, silymarin is capable of restraining the generation of 

cytokines and thus reducing liver fibrosis induced by carbon tetrachloride toxicity [141]. 

Numerous clinical investigations have been conducted to evaluate the hepatoprotective 

effect of silymarin in liver diseases such as NAFLD, NASH, ALD, drug-induced liver injury and 

viral hepatitis. For instance, in a randomized and double-blind study in patients with chronic 

ALD, a six-month treatment of silymarin significantly restored the diminished expression of 

SOD, increased the level of serum GSH peroxidase, and reduced the serum malondialdehyde 

[142]. In contrast, another 2-year period and multicenter trial indicated that silymarin has no 

beneficial effect on either liver function or mortality in ALD patients with cirrhosis [143]. This 

paradox may arise from the various administration periods and dosage of silymarin in 

different studies. Besides, the distinct silymarin formulations used should also be considered 

as the oral bioavailability of crude silymarin extract is far lower than Eurosil 85®, a commercial 

formulation of silymarin, which has been applied widely in recent trials. Altogether, silymarin 

represents a promising therapy for chronic liver diseases which remains to be confirmed in 

more clinical trials. 

Vitamin E  
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Vitamin E is a lipid-soluble antioxidant which has been extensively investigated during the last 

decade, especially in the field of steatohepatitis. The inherited antioxidative mechanism of 

vitamin E results from the deposition of ROS/RNS by donating a hydrogen ion from its 

chromanol ring [144]. Vitamin E regulates antioxidative enzymes such as manganese SOD and 

GSH to enhance an antioxidant defense [145]. In addition to its antioxidative capacity, vitamin 

E is also able to suppress hepatic fibrogenesis by retarding inflammation and inhibiting 

apoptosis [144]. Accumulating evidence demonstrates that vitamin E could reduce lipid 

accumulation, lipid peroxidation, insulin resistance, oxidative stress, necroinflammation and 

thus ameliorate experimental hepatic steatosis [146, 147]. However, the effect of vitamin E 

in the treatment of steatohepatitis seems controversial. Two large-scale clinical trials, also 

known as PIVENS and TONIC, have been conducted. In the PIVENS trial, vitamin E significantly 

improves the outcome of biopsy-confirmed adult NASH patients without diabetes, but did not 

affect fibrosis [148]. Hence, vitamin E has been recommended as first‐line pharmacotherapy 

for non‐diabetic patients with biopsy‐proven NASH [149]. However, in the TONIC trial, vitamin 

E improved both liver histology and NAFLD activity scores in pediatric patients with NASH but 

failed to reduce the level of transaminases [150]. Besides, the increased mortality after the 

treatment of vitamin E in several clinical trials cannot be neglected [151].  

MitoQ 

MitoQ is a ubiquinone-derived mitochondria-specific antioxidant, which attaches to a 

lipophilic triphenylphosphonium cation, and selectively blocks mitochondrial oxidative 

damage [152]. MitoQ inhibits lipid peroxidation and hydrogen peroxide-induced apoptosis 

and protects mitochondria from oxidative damage [152, 153]. Intestinal barrier disruption is 

a known risk for oxidative stress in liver diseases. As shown in previous studies on intestinal 

ischemia-reperfusion injury, mitoQ protects the intestinal barrier by meliorating mtDNA 

damage through the Nrf2/ARE signaling pathway [154]. It also has a noticeable improvement 

of mitochondrial function and antiviral CD8 functions in HBV infection [155]. In mice 

experiments, mitoQ showed inhibition of HSCs activation and transforming growth factor 

beta 1 expression, both key factors in hepatic fibrosis [156, 157]. 

Targeting farnesoid X receptor  
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The farnesoid X receptor (FXR) is a nuclear receptor that plays a critical role in energy 

metabolism, especially in bile acids, fats and hydrocarbon metabolism. FXR and FXR agonists 

can reduce oxidative stress, protect mitochondrial function and antagonize the SOD4-

activated JNK signaling pathway [158-160]. Obeticholic acid (OCA), an FXR agonist, is studied 

in patients with PBC that have an inadequate response to UDCA. Time will show the long-

term safety and clinical efficacy of OCA [161]. OCA was already assessed in NASH patients, 

who had alleviated fibrosis, hepatocellular ballooning, steatosis and lobular inflammation 

compared with placebo groups. Still to be analyzed is the effect of OCA on serum cholesterol 

levels and insulin resistance, as well as the risk of atherogenesis [162]. 

Non-pharmacological interventions 

Pharmacological antioxidants have been extensively investigated in experimental models and 

clinical trials. Beyond that, non-pharmacological interventions, such as nanocarrier-coated 

antioxidants, ischemia preconditioning, gene therapy, machine perfusion and gaseous 

supplements, represent unconventional approaches to suppress mitochondrial dysfunction 

and oxidative stress in liver diseases and transplantation. Notably, the clinical application of 

current antioxidative therapies is hampered mainly by the instability, poor membrane 

permeability, short half-life in circulation, and poor solubility and hydrophilicity of the agents 

[163]. To solve this, antioxidants can be encapsulated by a nanocarrier to improve its 

bioavailability. For example, SOD, an enzymatic antioxidant, could be encapsulated into poly 

(D, L‐lactideco‐glycolide) nanoparticles and reduced neuron IRI by detoxifying free radicals, of 

which efficiency of SOD is significantly enhanced [164]. 

Antioxidative therapies are of importance to alleviate IRI in liver surgery and could be 

employed specifically for the treatment of donors, graft livers and recipients during liver 

transplantation [62]. Ischemia preconditioning (IPC) is a surgical procedure that is initiated by 

a short period of nonlethal ischemia to the target organ before a much longer time of 

ischemia elicited by surgery such as hepatectomy and graft liver procurement. IPC has been 

proven to protect the liver from subsequent IRI by regulating redox balance, preventing 

nuclear damage, and inhibiting cell death [165]. IPC could increase the tolerance of the fatty 

rat liver to IRI by activating antioxidative enzymes. Multiple lines of evidence in clinical trials 

indicate that the IPC on donor could attenuate liver injury following liver transplantation and 
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decrease the mortality of recipients [166-168]. Machine perfusion remains a promising 

approach to protect the graft liver from IRI. A recent systematic review demonstrates that 

both hypothermic machine perfusion and normothermic machine perfusion are superior to 

static cold storage on improving early graft function in liver transplantation [169]. Compared 

to static cold storage, hypothermic machine perfusion could significantly reduce oxidative 

stress in liver grafts [170]. Of note, the antioxidative effect of machine perfusion is primarily 

determined by the temperature because the mitochondrial activity is known to be 

temperature-dependent [63]. Indeed, increased production of ROS has been observed in 

normothermic machine perfusion due to the induction of reverse, instead of forward, 

electron transfer through the mitochondrial respiratory chain. In contrast, during 

hypothermic or subnormothermic machine perfusion, the mitochondrial respiratory function 

is significantly suppressed while the ATP pool is enhanced, leading to less ROS generation 

[171]. However, normothermic machine perfusion remains to be superior in terms of its 

capability to restore metabolism under normothermic condition, thus allowing the 

monitoring of function of graft liver [63]. Hence, combination of hypothermic and 

normothermic machine perfusion represents an optimized protocol to alleviate oxidative 

injury. A recent study showed that application of normothermic after hypothermic machine 

perfusion could mitigate oxidative injury and restore mitochondrial function [172]. 

Summary and conclusion 

Endogenous and exogenous hepatic insults are known to cause mitochondrial dysfunction in 

the liver involving loss of ATP synthesis capacity and increasing ROS/RNS generation. This, in 

turn, results in oxidative stress and further forms a vicious cycle, which is believed to be the 

critical pathogenic factors in liver diseases, as well as liver transplantation. Although ROS/RNS 

are involved in normal cell homeostasis, they are also related to the regulation of apoptosis, 

necroptosis, and MPT-driven regulated necrosis. Also, ROS/RNS are also capable to indirectly 

affect hepatocyte function by promoting an inflammatory response and fibrogenesis. The 

balance of ROS/RNS being either harmful or beneficial, largely depends on the intensity and 

duration of ROS/RNS production. Although numerous antioxidative interventions have been 

developed for the treatment of liver diseases by either scavenging ROS/RNS or restoring 

mitochondrial homeostasis, not many showed beneficial effects in clinical trials [2]. Of note, 

intake of dietary antioxidant supplements such as beta carotene, vitamin A, and vitamin E, 
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might even increase the mortality of patients [151]. The precise role of mitochondrial 

dysfunction and oxidative stress in hepatic pathogenesis should be studied in more detail, 

and the development of therapeutic regimens should be thoroughly examined to not only 

alleviate detrimental effects of free radicals but also to preserve its biological function.  
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Abstract 

Fatty liver disease has grown into a major global health burden, attributed to multi-factors 

including sedentary lifestyle, obesogenic diet and prevalence of metabolic disorders. The lack 

of robust experimental models is hampering the research and therapeutic development for 

fatty liver disease. this study aims to develop an organoid-based 3D culture model to 

recapitulate key features of fatty liver disease focusing on intracellular lipid accumulation and 

metabolic dysregulation. We used human liver-derived intrahepatic cholangiocyte organoids 

and hepatocyte differentiated organoids. These organoids were exposed to lactate, pyruvate 

and octanoic acid (LPO) for inducing lipid accumulation and mitochondrial impairment. Lipid 

accumulation resulted in alternations of gene transcription with major effects on metabolic 

pathways, including triglyceride and glucose level increase, which is consistent with metabolic 

changes in fatty liver disease patients. Interestingly, lipid accumulation affected mitochondria 

as shown by morphological transitions, alternations in expression of mitochondrial encoded 

genes and reduction of ATP production. Meanwhile, we found treatment with obeticholic acid 

and metformin can alleviate fat accumulation in organoids. This study demonstrated that LPO 

exposure can induce lipid accumulation and associated metabolic dysregulation in human 

liver-derived organoids. This provides an innovative model for studying fatty liver disease and 

testing potential therapeutics.  
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Introduction 

Non-alcoholic fatty liver disease (NAFLD) is one of the most common chronic liver diseases, 

affecting approximately one third of the global population. Attributing to dietary and life style 

changes, the global incidence of NAFLD is continuously growing. It includes simple steatosis 

and nonalcoholic steatohepatitis, which accompanies with inflammation. Although the 

disease in majority of individuals is simple steatosis that can be improved by lifestyle 

modifications and physical activity increase, a subset of patients with inflammation can 

develop serious complications, including fibrosis, cirrhosis and liver cancer [1]. Recently, the 

nomenclature of NAFLD has been proposed to be updated as metabolic dysfunction 

associated fatty liver disease (MAFLD) [2]. In addition to hepatic steatosis, the MAFLD criteria 

also emphasize metabolic dysfunctions, including the presence of type II diabetes mellitus, 

overweight/obesity or minimal two minor metabolic abnormalities. Currently, research on 

the etiology and pathogenesis of fatty liver disease remains at infancy, and there is no 

approved medication available.   

Extra fat storage in the liver is a hallmark of fatty liver disease. It can present as lipid droplets 

primarily in hepatocytes [3]. Lipid accumulation may also occur in cholangiocytes under 

specific circumstances. For example, lipid droplets were observed in cholangiocytes in 

Comparative Gene Identification-58 (CGI-58), a lipid droplet-associated gene, knockout mice, 

fed a Western diet. Mutations in this gene are known to manifest fatty liver disease in humans 

and rodents [4]. To model the process of steatosis in vitro, several human liver cancer cell 

lines such as human hepatoblastoma-based cell lines have been used [5]. It has been 

demonstrated that combinatory supplementation of lactate, pyruvate and octanoic acid (LPO) 

can stimulate lipid synthesis in cell culture, resembling a fatty liver disease phenotype [5]. 

However, these cancer cell lines have been passaged in cell culture for decades, and harbor 

various genetic, epigenetic and functional alterations [6]. Therefore, they have fundamental 

limitations in modeling fatty liver disease. Thus, advancing mechanistic understanding of this 

disease and developing therapeutics require innovative and robust experimental models. The 

organoid technology has provided a unique tool to circumvent these limitations. Organoids 

generated from human induced pluripotent stem cells have been explored for modeling 

steatosis and other liver diseases [7, 8]. Importantly, primary organoids can be cultured from 
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tissue stem cells in 3D structure, and they are much better in recapitulating the characteristics 

of the tissue of origin [9].  

Human and mouse livers harbor residential bipotent progenitor cells located in the 

intrahepatic biliary compartment that can be cultured as organoids [10, 11]. These liver 

organoids are derived from intrahepatic bile ducts, thus also termed as intrahepatic 

cholangiocyte organoids (ICOs) [12], which have been well-characterized [13]. ICOs can be 

differentiated towards a hepatocyte-like phenotype by defined culture conditions [10] and 

can be maintained in culture for a period of time [14]. In this study, we aim to recapitulate 

lipid accumulation and associated metabolic dysregulation, and to test medications on lipid 

accumulation in liver organoids. 

 

Materials and Methods 

Liver organoids culture 

Human liver organoids (ICOs) were isolated and cultured as previously described [15]. Liver 

organoids were cultured with Advanced DMEM/F12 (Life Technologies, cat.no.12634-010), 

adding 1 M HEPEs (Lonza, cat. no. 17-737E) and ultraglutamine (Lonza, cat. no. BE17-605E/U1) 

as the basic culture medium, supplied with 1:50 B27 supplement (minus vitamin A), 1:100 N2 

supplement, 1 mM N-acetylcysteine, 10 mM nicotinamide, 50 ng/ml EGF, 100 ng/ml FGF-10, 

50 ng/ml HGF, 5 μM A83-01, 10 μM forskolin, 10 nM gastrin and 10% R-spondin1 (produced 

by 293T-H-RspoI-Fc cell line). The use of human liver tissues for research purposes was 

approved by the Medical Ethical Council of Erasmus MC and informed consent was given 

(MEC-2014-060). 

Hepatocyte differentiation of human ICOs 

Hepatocyte differentiation of human ICOs has been well-described previously [15]. Briefly, 

after culturing with human liver organoids expansion medium supplemented with BMP7 (25 

ng/ml) for 5 days, the culture condition was changed to hepatocyte differentiation medium. 

The differentiation medium is the basic culture medium supplemented with 1:50 B27 

supplement, 1:100 N2 supplement, 1 mM N-acetylcysteine, 10 nM gastrin, 50 ng/ml EGF, 25 
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ng/ml HGF, 0.5 μM A83-01, 10 μM DAPT, 3 μM dexamethasone, 25 ng/ml BMP7 and 100 

ng/ml FGF19. 

Induction of lipid accumulation 

According to the previously described protocol [16], lactate (L), pyruvate (P) and octanoic acid 

(O) (all from Sigma-Aldrich, UK) were added in organoid culture medium. Low (L:P:O: 10 mM: 

1 mM: 2 mM) and high (L:P:O: 15 mM: 1.5 mM: 3 mM) concentrations were used. Culture 

medium was refreshed every 2 days. 

Alamar Blue assay 

Culture supernatant of organoids was first discarded. Organoids were then incubated with 

Alamar Blue (Invitrogen, DAL1100, 1:20 dilution in OEM) for two hours at 37°C. The medium 

was collected for analyzing cell viability. Absorbance was measured by fluorescence plate 

reader at the excitation of 530/25 nm and emission of 590/35 nm. 

Cell cycle analysis 

Organoids were collected and dissociated into single cells by using 0.05% Trypsin-EDTA, 

followed by washing twice with 1 X PBS and fixing in cold 70% ethanol overnight at -20 ˚C. The 

cells were washed twice with PBS and incubated with 100 µg/ml RNase A at 37 ˚C for 30 mins, 

and then 50 µg/ml propidium iodide (PI) was added and incubated at 4 ˚C for 30 mins. The 

samples were analyzed by FACS Calibur. Cell cycle was analyzed by Flowjo_V10 software. 

Apoptosis analysis 

Apoptosis was measured by Annexin V-FITC/PI apoptosis detection kit (Becton Dickinson). 

Experiments were performed according to the manufacturer's instruction. Briefly, organoids 

were treated by TrypLE express for dissociation into single cells and washed with cold PBS. 

Samples were incubated with mixture of 1X Binding buffer, FITC Annexin V and PI for 15 

minutes at room temperature in the dark. The samples were then measured by FACS. Cell 

apoptosis rate was analyzed by FlowJo_V10 software.   

Staining of lipids 
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Lipids were stained with AdipoRed (Lonza, cat.no.PT-7009) and Hoechst 33342 (Life 

Technologies, cat.no.H3570) for 30 min, followed by washing with 1 X PBS 3 times. Images 

were captured by confocal microscope Zeiss LSM510meta and Leica SP5, and quantified with 

ImageJ software. Analysis was performed by splitting the individual color channel for lipids 

and threshold converting the 8-bit. The acquired images were measured with particles and 

their surface areas in pixels, then converted to square micrometers for areas of lipid droplets. 

Co-staining of lipid and mitochondria 

Mitochondria were stained with tetramethylrhodamine (TMRM ) (Life Technologies, cat. no. 

T668), lipids were stained with monodansylpentane (MDH) (Abgent, cat. no. SM1000b) and 

nucleus were stained with DRAQ5 (Fisher Scientific, cat. no. 62251) for 30 mins. The images 

were captured by confocal microscope Zeiss LSM510meta and Leica SP5, and quantified with 

ImageJ software.  

Immunofluorescence staining of organoids 

Organoids were collected and fixed by formalin (4%) for 10 minutes. The samples were 

washed and blocked for 1 hour. Subsequently, samples were incubated with primary 

antibodies against Albumin (Sigma-Aldrich, cat. no. A6684) and CK7 (Invitrogen, cat. no. MA1-

06316) overnight at 4°Ϲ. After washing, samples were incubated with secondary antibody 

(Invitrogen, cat. no. A32742) for 1 hour at room temperature. Then DAPI (Fisher Scientific, cat. 

no. 13285184) was added to stain nucleus. Images were captured by confocal microscope 

Leica SP5. 

Triglyceride assay 

EnzyChromTM Triglyceride Assay Kit (BioAssay Systems, cat. no. ETGA-200) was used to 

measure triglyceride content according to previously described protocol [7]. Organoids were 

collected and seeded in 96-well plate for 3 days treated or untreated with LPO, and then 

working reagent was added for each well incubated for 30 mins at room temperature. 

Absorbance was measured by absorbance microplate reader Infinite® M Nano at 570nm. The 

final results were normalized to total protein concentration of the organoids. 

Diacyglycerol assay 
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Diacylglycerol assay kit (Cell Biolabs, cat. no. MET-5028) was used to measure diacylglycerol 

content according to manufacturer’s introduction. Organoids were harvested and sonicated 

on ice to extract diacylglycerol. Then samples were transferred to a 96-well microtiter plate. 

Reagents were added and incubated at room temperature for 10 minutes. Absorbance was 

measured by fluorescence plate reader at the excitation of 530/25 nm and emission of 590/35 

nm. The final results were normalized to total protein concentration of the organoids. 

Glucose assay 

Glucose Assay Kit (Abcam, cat.no.ab65333) was used to measure glucose content. Organoids 

were collected after 96 hours treated or untreated with LPO, and then working reagent was 

added according to the instruction. Absorbance was measured by absorbance microplate 

reader Infinite® M Nano at 570nm. The final results were normalized to total protein 

concentration of the organoids. 

Measurement of ATP content  

Organoids were collected after LPO exposure. Organoids were divided equally into two tubes 

for ATP test and total protein concentration measurement. ATP Bioluminescence Assay Kit 

CLS II (Sigma-Aldrich, cat. no. 11699695001) was used for ATP content measurement. The 

final results were normalized by total protein concentration of the organoids. 

RNA isolation and sequencing 

Total RNA of cultured organoids was isolated using Machery-NucleoSpin RNA Kit (Bioke, cat. 

no. MN 740955.250) and quantified by Nanodrop 2000. The quality of RNA was measured by 

Bioanalyzer RNA 6000 Picochip as quality-control step, followed by RNA sequencing 

performed by Novogene with paired-end 150 bp (PE 150) sequencing strategy. The 

identification of differentially expressed genes was based on P < 0.05 and absolute values of 

log2Fc > 1.  

qRT-PCR 

Total RNA of cultured organoids was isolated using Machery-NucleoSpin RNA Kit (Bioke, cat. 

no. MN 740955.250) and quantified by Nanodrop 2000. Reverse transcription was produced 

by PrimeScript RT Master Mix (Takara Bio Inc., cat. no. RR036B). qRT-PCR was performed with 
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SYBR Select Master Mix (Life Technologies, cat. no. 4472954) with the StepOnePlus System 

(Thermo Fisher Scientific Life Sciences). Beta2-microglobulin (B2M) gene served as a 

reference. Relative gene expression of the target gene was normalized to the reference using 

the formula 2-∆∆CT (∆∆CT = ∆CTsample - ∆CTcontrol). These genes include perilipin 1 (PLIN1), 

perilipin 2 (PLIN2), glucose-6-phosphatase (G6PC), peroxisome proliferator-activated 

receptor alpha (PPARα), carnitine palmitoyltransferase 1A (CPT1A), phosphoenolpyruvate 

carboxykinase 1 (PCK1), 17β-hydroxysteroid dehydrogenase type 13 (HSD17B13), 

carbohydrate-responsive element-binding protein (CHREBP), liver X receptor alpha (LXR α), 

transforming growth factor beta 1 (TGFB1), solute carrier family 25, member 4 (SCL25A4), 

Peroxisome proliferator-activated receptor-gamma coactivator 1 alpha (PGC1 α), cytokeratin 

7 (CK7), cytokeratin 19 (CK19), hepatocyte nuclear factor 4 alpha (HNF4α), octamer-binding 

transcription factor 4 (OCT4), leucine rich repeat containing G protein-coupled receptor 5 

(LGR5), Albumin and NANOG. All primers for qRT-PCR quantification were listed in 

supplementary table 1. 

Statistical analysis 

Statistical analyses were performed using GraphPad Prism 9.1.2 with Mann-Whitney test for 

non-paired samples. P values < 0.05 were considered as statistically significant. 
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Results 

Lipid accumulation induced by lactate, pyruvate and octanoic acid in liver organoids 

To model lipid accumulation in liver organoids, we adopted the protocol from a previous study 

based on exogenous supplementation of lactate (L), pyruvate (P) and octanoic acid (O) [16]. 

We used two concentrations defined as low and high concentration. We first tested in mouse 

liver organoids by adding LPO in the culture medium for 96 hours (Supplemental Figure S1A). 

We observed lipid accumulation in both low and high concentrations of LPO, but the induction 

level was moderate (Supplemental Figure S1B-D). We next performed similar experiments in 

human ICOs (Fig. 1A and Supplemental Table S2). We observed that lipid accumulation in 

human liver organoids derived from three different donors was much more robust compared 

to that in mouse liver organoids (Fig. 1B). LPO exposure dose-dependently induced lipid 

deposition in human liver organoids shown by AdipoRed dye staining. Taking the organoids 

line DL1235 as an example, the average number of lipid droplets per cell in different groups 

was 18.90 ± 5.85 (control group without LPO), 38.53 ± 8.47 (low concentration of LPO) and 

45.02 ± 11.56 (high concentration of LPO) (mean ± SEM, n= 4-6) (Fig. 1C). Consistently, lipid 

droplet sizes are significantly larger in LPO exposed organoids (Fig. 1D). In organoids line 

DL1235, the average of lipid droplet size in different groups was 0.23 ± 0.01 (control group 

without LPO), 0.90 ± 0.05 (low concentration of LPO) and 0.92 ± 0.05 (high concentration of 

LPO) (mean ± SEM, µm2) (Fig. 1D). Of note, a sufficient concentration of LPO is required for 

lipid synthesis, as further diluting the low concertation by 10 to 100 times failed to induce 

lipid accumulation in human liver organoids (Supplemental Fig. S1E). 
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Figure 1. Lipid accumulation in human liver organoids. (A) Morphology of human liver organoids cultured in 

expansion medium and exposed to LPO for 96 hours. (B) Representative confocal images of lipid accumulation 

in human liver organoids with or without LPO treatment. Lipids were stained with AdipoRed (blue), and nuclei 

were marked by Hoechst (Red). (C) Average number of lipid droplets per cell in different organoids lines, DL1235 

(n = 4-6), DL1265 (n = 3-4), DL1283 (n = 5-8). (D) The size of all captured lipid droplets. The total captured number 

of lipid droplets in DL1235 are 1142, 1715 and 2071, respectively. The total captured number of lipid droplets in 

DL1265 are 64, 6465, 8507, respectively. The total captured number of lipid droplets in DL1283 are 42, 1534, 

4539, respectively. (E) Triglyceride level with or without LPO treatment in different organoids lines, DL1235 (n = 

10), DL1265 (n = 10), DL1283 (n = 11). The triglyceride content was normalized to total protein concentration of 

the organoids. (F) Diacylglycerol level with or without LPO treatment in human liver organoids (n = 10). The 

diacylglycerol content was normalized to total protein concentration of the organoids. (mean ± SEM; *P < 0.05, 

**P < 0.01, ***P < 0.001, ****P < 0.0001; Mann Whitney test). 

 

Another hallmark of fatty liver disease is excessive triglyceride accumulation in hepatocytes 

[17]. We found that LPO exposure significantly increased triglyceride level by 61.50% ± 22.07 

(mean ± SEM, n= 10, P < 0.01) in human liver organoids, for example in the line DL1235, 

treated with high concentration of LPO when compared with the control group (Fig. 1E). In 

addition, we found that diacylglycerol level was also increased by 103.5% ± 28.4 (mean ± SEM, 
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n = 10, P < 0.01) in human liver organoids after LPO induction (Fig. 1F). Thus, 3D cultured liver 

organoids are capable of recapitulating lipid accumulation in vitro, but human compared with 

mouse liver organoids are much more robust in lipid deposition. Therefore, only human liver 

organoids were used in following experimentation.  

Modeling excessive lipid accumulation in hepatocyte differentiated organoids 

ICOs retain stemness and have the potential to differentiate towards the hepatocyte lineage 

culturing in hepatocyte differentiation medium [10, 12]. Interestingly, LPO exposure for 96 

hours significantly downregulated the expression of cholangiocyte markers (CK7 and CK19), 

whereas upregulated hepatocyte markers (Albumin and HNF4α) (Fig. 2A and B).  

We next performed hepatocyte differentiation of ICOs by a well-defined culture medium [15]. 

Morphological appearance (Fig. 2C) and gene expression of representative markers 

(Supplemental Figure S2) confirmed their hepatocyte-like phenotype. Importantly, both low 

and high concentrations of LPO supplementation resulted in lipid accumulation (Fig. 2D-2G). 

The lipid droplet size (µm2) in different groups was 0.89 ± 0.06 (control group without LPO), 

2.54 ± 0.10 (low concentration of LPO) and 2.71 ± 0.08 (high concentration of LPO) (Fig. 2E). 

The average number of lipid droplets per cell in different groups was 0.72 ± 0.24 (control 

group without LPO), 8.92 ± 1.93 (low concentration of LPO) and 22.06 ± 6.13 (high 

concentration of LPO) (mean ± SEM, n= 3-4) (Fig. 2F). The triglyceride level increased by 48.70% 

± 15.33 in low LPO group and 61.10% ± 16.83 in high LPO group, compared with control group 

without LPO exposure (mean ± SEM, n= 11, P < 0.05) (Fig. 2G). Similar results were confirmed 

in two other hepatocyte-differentiated organoid lines (Supplemental Figure S3). The levels of 

lipid accumulation were comparable between differentiated and undifferentiated organoids, 

although there are some variations among different organoids lines (Supplemental Figure S4). 

In addition, the expression of a panel of metabolic genes in differentiated and 

undifferentiated organoids was upregulated by LPO treatment (Supplemental Figure S5). 

Even though different liver organoid lines can induce lipid accumulation in different culture 

medium with LPO exposure, it seems that organoids cultured in expansion medium format 

more lipid droplets than those organoids cultured in differentiation medium, while 

hepatocyte-like organoids deposit bigger lipid droplets.  



78 | P a g e  
 

 

Figure 2. Lipid accumulation in organoids differentiated towards hepatocyte-like phenotype. (A) ICOs were 

exposed to LPO, and mRNA expression levels of cholangiocytes and hepatocytes markers were quantified by 

qRT-PCR. CK7 and CK19 are cholangiocytes markers; Albumin and HNF4 α are hepatocytes markers, and B2M 

was used as reference gene (n = 8). (B) Representative immunofluorescent images with DAPI/Albumin and CK7 

staining are shown with or without LPO treatment. (C) Morphology of human liver organoids cultured in 

expansion medium and hepatocyte differentiation medium. OEM: organoids expansion medium; ODM: 

organoids differentiation medium. (D) Representative immunofluorescent images of lipid accumulation in 

differentiated organoids after LPO treatment with low concentration (L:P:O: 10 mM: 1 mM: 2 mM) and high 

concentration (L:P:O: 15 mM: 1.5 mM: 3 mM). Lipids marked by AdipoRed (blue); nuclei marked by Hoechst 

(Red). (E) The size of all captured lipid droplets. The total captured number of lipid droplets are 222, 3672 and 

8122 respectively. (F) The average number of lipid droplets per cell (n = 3-4). (G) Triglyceride level with or without 

LPO treatment (n = 11). The triglyceride content was normalized to total protein concentration of the organoids. 

(mean ± SEM, *P < 0.05, ****P < 0.0001; Mann Whitney test). 
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Figure 3. The growth of human liver organoids after LPO treatment. (A) Cell viability of liver organoids (n = 8). 

(B) The size of liver organoids with LPO or without LPO treatment. The total captured number of organoids in 

DL1235 are 430 and 377. The total captured number of organoids in DL1265 are 330 and 304. The total captured 

number of organoids in DL1283 are 373 and 626. (C) Apoptosis in human liver organoids with or without LPO by 

analyzed flow cytometry. (D) The apoptosis rate in human liver organoids (n = 8). (E) Percentages of cells in 

different cell cycles (n = 6). (F) The percentage of liver organoids cells arrested in the S phase (n = 6). (mean ± 

SEM; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; Mann Whitney test). 

 

Lipid accumulation moderately inhibits the growth of liver organoids 

The growth characteristics of human ICOs were assessed by Alamar blue Assay 96 hours after 

LPO exposure. Compared with control group, LPO dose-dependently but moderately inhibited 

organoids growth by 13.41% ± 1.62 at low and 19.13% ± 1.93 at high concentration (mean ± 

SEM, n = 8, P < 0.001) (Fig. 3A). The size of organoids cultured with LPO is significantly smaller 

than those cultured without LPO (Fig. 3B). 

We next analyzed apoptosis and cell cycle by flow cytometry (Fig. 3C-3F). We found LPO 

induced apoptosis of organoid cells by 24.5% ± 2.45 with LPO exposure, while 14.82% ± 3.37 

of apoptotic cells were detected in the control group (mean ± SEM, n = 8, P < 0.01) (Fig. 3C-
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3D). Meanwhile, LPO exposure dose-dependently reduced the ratio of cells in S phase. There 

were 9.11% ± 2.30 at low and 6.37% ± 1.35 at high concentration, while 15.98% ± 2.43 cells 

of the control group were at S phase (mean ± SEM, n = 6, P < 0.05) (Fig. 3F). Our results suggest 

that LPO exposure moderately inhibits ICO growth possibly via inducing apoptosis and 

arresting cell cycle. 

Genome-wide transcriptomic profiling reveals gene alternations of metabolic pathways 

and evidence of mitochondrial impairment by lipid accumulation  

To map the global effects on gene transcription, we performed genome-wide transcriptomic 

analysis in human liver organoids exposed to LPO for 96 hours. Volcano plot showed that 457 

genes were significantly upregulated and 796 genes were downregulated (Fig. 4A). Heatmap 

showed the top 50 significantly differentially expressed genes comparing with and without 

LPO treatment (Fig. 4B). Kyoto encyclopedia of genes and genomes (KEGG) pathway analysis 

revealed that “metabolic pathways” are predominantly regulated involving 414 differentially 

expressed genes (Fig. 4C). This is consistent with the analysis of transcriptomic data from liver 

issue of NAFLD patients (retrieved from GEO data sets GSE126848 [18]) (Fig. 4C). Ingenuity 

Pathway Analysis based on significantly differentially regulated genes revealed that “Liver 

steatosis” is among the top scored “Liver diseases and functions” (Fig. 4D).  
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Figure 4. Genome-wide transcriptomic analysis after LPO exposure. (A) Volcano plot of statistical significance (P 

< 0.05) against fold change (ratio of LPO/Control group, n = 3) of all the genes. (B) Heatmap showing top 50 

differentially expressed genes. (C) KEGG pathway enrichment analysis using the complete set of significantly 

differentially expressed genes in organoids (n = 3). Publically available data were retrieved (GSE126848) to 

compare the transcriptomes in liver tissues of NAFLD patients (n = 15) with that of healthy controls (n = 14). (D) 

Ingenuity Pathway Analysis based on significantly differentially regulated genes in the organoids model 

according to the module of “Liver diseases and functions”. 

 

Mitochondria essentially participate in cellular metabolism, and mitochondrial dysfunction 

has been commonly observed in fatty liver [19]. By stratifying genes encoded by 

mitochondrial DNA from the genome-wide transcriptomic analysis, we found a pattern of 

alteration comparing LPO treated and untreated organoids (Fig. 5A). Immunofluorescent co-

staining showed enlarged mitochondria in lipid accumulated cells (Fig. 5B).  
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Figure 5. Evidence of mitochondrial dysfunction in liver organoids upon lipid accumulation. (A) The expression 

pattern of mitochondrial encoded genes with or without LPO treatment, extracted from the genome-wide 

transcriptomic analysis. (B) Representative confocal images of mitochondria in organoids between control and 

LPO group. Mitochondria marked by TMRM (yellow); lipid droplets marked by MDH (blue); nuclei marked by 

DRAQ5 (Red). (C) Glucose content with or without LPO treatment (n = 18). (D) ATP content in different organoids 

between control and LPO group, DL1235 (n = 11), DL1265 (n = 9), DL1283 (n = 6-8). The glucose content and ATP 

content were normalized to total protein concentration of the organoids. (mean ± SEM, ***P < 0.001, ****P < 

0.0001, Mann Whitney test). 

 

The increase of glucose level is also the hallmark of NAFLD phenotype, which is related to 

mitochondrial disorder. Thus we tested glucose content in liver organoids with and without 

LPO treatment. We found that glucose level was increased after LPO treatment by 23.4% ± 

2.86 (mean ± SEM, n= 18, P < 0.0001) (Fig. 5C). Mitochondria generate most of the cellular 

ATP through oxidative phosphorylation. ATP content is an index for mitochondrial function 

[20]. We found that LPO exposure and lipid accumulation resulted in significant reduction of 

ATP content by 71.22% ± 3.87 in DL1235, 79.58% ± 3.85 in DL1265 and 83.36% ± 6.41 in 

DL1283 (mean ± SEM, n= 6-11, P < 0.001) (Fig. 5D). These data collectively indicate metabolic 
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dysregulation, in particular mitochondrial impairment, in liver organoids upon lipid 

accumulation.  

The effects of obeticholic acid or metformin treatment on lipid deposition in organoids 

To provide proof-of-concept that liver organoid-based fatty liver disease models are 

applicable of assessing novel therapeutics, we tested two drugs: obeticholic acid (INT747) and 

metformin. Obeticholic acid, a farnesoid X receptor agonist, has been reported to regulate 

hepatic metabolic homeostasis and improve liver steatosis [21, 22]. Metformin is an insulin 

sensitizer for type 2 diabetes treatment, which has been reported to reduce free fatty acids 

level and affect the development of MAFLD [23]. After 96 hours exposure of LPO, we treated 

organoids with 1 μM INT 747 or metformin for 24 hours, a relevant drug concentration as 

previously described [24-26]. We found INT 747 had mild effects on lipid droplet size that 

significant reduction was observed in three but not the other organoids line (Fig. 6). 

Metformin significantly but moderately reduced lipid droplet size in both tested organoids 

lines (Fig. 7). These demonstrated a proof-of-concept of testing medications on lipid 

accumulation. 
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Figure 6. Treatment with INT747 reduce lipid accumulation in organoids cultured in expansion medium. (A) 

Representative confocal images of lipid accumulation in undifferentiated organoids treated or untreated with 

INT747 (lipids: blue; nuclei: red). (B) Lipid droplet size between untreated and INT747 treated in five different 

liver organoids exposed to LPO. The total captured number of lipid droplets in DL1235 are 524 and 1000, 

respectively. The total captured number of lipid droplets in DL1265 are 6442 and 6312, respectively. The total 

captured number of lipid droplets in DL1402 are 3563 and 310, respectively. The total captured number of lipid 

droplets in DL1403 are 536 and 17, respectively. (mean ± SEM, ****P < 0.0001, Mann Whitney test). 
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Figure 7. Treatment with metformin reduce lipid accumulation in organoids cultured in expansion medium. (A) 

Representative confocal images of lipid accumulation between untreated and metformin treated organoids 

(lipids: blue; nuclei: red). (B) Lipid droplet size of liver organoids exposed LPO between untreated and metformin 

treated, in five different liver organoids lines. The total captured number of lipid droplets in DL1235 are 1083 

and 383, respectively. The total captured number of lipid droplets in DL1265 are 4512 and 3546, respectively. 

The total captured number of lipid droplets in DL1283 are 848 and 808 respectively. The total captured number 

of lipids in DL1402 are 2635 and 291, respectively. The total captured number of lipid droplets in DL1403 are 

1219 and 29, respectively. (mean ± SEM, *P < 0.05, ****P < 0.0001, Mann Whitney test). 
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Discussion 

Fatty liver disease has grown into a major global health issue, but there is no specific 

treatment available. Advancing research and therapeutic development requires robust 

experimental models that can resemble the disease as seen in patients. Mouse models have 

been widely used to study the pathogenesis of fatty liver disease and assess therapeutic 

interventions. Although these models have unique advantages that can capture not only 

steatosis, but also the pathogenic process of inflammation and fibrosis [23], they have major 

limitations in particular given the obvious species barrier. Thus, experimental models of 

human origin remain essentially required. Currently, immortalized human liver cancer lines 

including HepG2, Huh7 and HepRG have been explored to establish in vitro models for fatty 

liver disease. These cell culture models primarily capture steatosis, one hallmark of fatty liver 

disease. Through exposure to free fatty acids treatment, these cells can capture the process 

of lipid accumulation in a 2D cell culture setting [27-29]. However, these immortalized 

malignant cells harbor numerous genetic and functional alterations that compromise the 

authenticity in modeling fatty liver disease, a non-malignant disease. Primary human 

hepatocytes are the ideal cell type in this respect, but these cells are technically difficult to be 

cultured and maintained for experimentation. Hepatocyte-like cells differentiated from 

induced pluripotent stem cells or embryonic stem cells have been used as an alternative and 

are capable of modeling lipid accumulation [30].  

The recent development of organoids technology has provided a unique opportunity to 

further advance in vitro models of fatty liver disease. The liver harbors residential progenitor 

cells that can be cultured into organoids with cholangiocyte phenotype. 3D organoid cultures 

have also been successfully generated from single hepatocytes and can grow for several 

months in vitro [14], but there are remaining technical challenges for wide applications. Using 

a different approach, a recent study has generated hepatic organoids from human embryonic 

stem cells and induced pluripotent stem cells. These organoids contain a higher proportion of 

hepatocytes to cholangiocytes, and can accumulate lipids when exposed to free fatty acids 

[8]. However, these organoids are prone to accumulate genomic and epigenomic alterations 

[31, 32], whereas organoids derived from primary adult liver stem cells are genetically more 

stable [10]. In this study, we successfully recapitulated excessive lipid accumulation in human 

adult liver-derived organoids by exogenous supplementation of lactate (L), pyruvate (P) and 
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octanoic acid (O), an approach that better mimics de novo lipid synthesis compared to free 

fatty acids exposure [16]. Lactate and pyruvate are physiological substrates of both 

gluconeogenesis and de novo lipogenesis. Octanoic acid, as a form of medium chain fatty acid, 

can more effectively induce triglyceride accumulation, compared to long chain fatty acids, 

such as oleate [33]. The combination of lactate, pyruvate and octanoic acid enhance 

tricarboxylic acid cycle (TCA) activity, leading to the increase of mitochondrial respiration. We 

found liver organoids cultured from human compared to mouse liver tissue were much better 

in lipid accumulation when exposed to LPO. This is consistent with a previous study showing 

that liver organoids of feline and human compared with those of dog and mouse origin are 

more efficient in accumulating lipids when treated with free fatty acids including oleate and 

palmitate [34]. Thus, in this study, we primarily focused on the use of human liver organoids. 

Of note, our liver organoids are derived from intrahepatic bile ducts with cholangiocyte-like 

phenotype. However, in patients with fatty liver disease, hepatocytes are the main cell type 

accumulating lipids [3]. We thus have differentiated our ICOs into hepatocytes-like cells, and 

they were also capable of accumulating lipids. It would be interesting to comparatively study 

the use of different types of liver organoids for modeling steatosis in future research.   

The liver displays regenerative capacity after surgical resection or injury. Liver organoids 

derived from intrahepatic bile ducts consist of bipotent progenitors [35]. Even though there 

is no mature hepatocytes in ICOs, progenitors express some hepatocyte markers and have 

the potential to differentiate towards hepatocytes [10, 15]. In the existing models, 

hepatocytes are the main object of NAFLD studies. However, progenitors are also involved in 

NAFLD progression. Progenitors/stem cells are activated and preferentially differentiate 

towards hepatocytes both in NAFLD animal models and in patients [36-38]. These results are 

consistent with our findings that LPO exposure upregulates hepatocyte markers in ICOs. 

Recent studies suggest that lipid metabolic states regulate the fate of progenitors to self-

renew or differentiation [39]. Proliferating retinal stem cells showed enriched saturated fatty 

acids than differentiated retinal cells [40]. The shift of quiescence and proliferation of neural 

stem/progenitor cells regulated by fatty acid oxidation [41]. Thus, the exact role of lipid 

metabolism in different cell types derived from liver organoids is interesting to be further 

studied. 
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Patients with fatty liver disease are often accompanied with metabolic disorders, which in 

turn aggravate the progression of fatty liver disease [42, 43]. The new term, MAFLD, 

emphasizes metabolic dysfunctions, including the presence of type II diabetes mellitus, 

overweight/obesity or minimal two minor metabolic abnormalities. In cell culture models, 

exposure to LPO compared with free fatty acids is much better in recapitulating metabolic 

dysregulation and the expression of metabolism-associated genes [30]. Mitochondria, the 

powerhouse of cells, essentially regulate metabolism and play an important role in the 

pathogenesis of fatty liver disease [19]. It has been shown that LPO treatment enhances 

mitochondrial respiration and reactive oxygen species formation during lipid accumulation [5, 

44]. In our organoids model, lipid accumulation regulates over 400 genes that are attributed 

to metabolic pathways. Furthermore, We provided evidence of mitochondrial dysfunction 

induced by lipid accumulation. To further advance the model system, it would be important 

to incorporate different cell types to also recapitulate inflammatory response and 

fibrogenesis, in addition to lipid accumulation. A previous study has demonstrated proof-of-

concept that liver organoids generated from pluripotent stem cell lines compose of 

hepatocyte-, stellate-, and Kupffer-like cells that recapitulate several features of fatty liver 

disease, including steatosis, inflammation, and fibrosis phenotypes [7]. 

Although no approved medication is available, there are several pipeline drugs at clinical 

development stage for treating fatty liver disease. These drugs are primarily aimed at 

reversing hepatic fibrosis or anti-inflammation [45]. Obeticholic acid (INT747), a natural 

Farnesoid X receptor agonist, has been demonstrated to significantly improved fibrosis in a 

large phase 3 trial [46]. In our model, INT747 treatment appears to have mild effect on lipid 

synthesis, which is consistent with its mechanism-of-action that is not primarily targeting lipid 

synthesis. Metformin is the first-line medication for treating type 2 diabetes. The effects on 

the development and progression of MAFLD has been widely implicated, but remain highly 

controversial [47]. In liver organoids, we found that metformin treatment significantly but 

moderately inhibited LPO-induced lipid accumulation, which may help to understand the 

underlying mechanism how metformin affects fatty liver disease. This provided proof-of-

concept that our organoids model bears usefulness for therapeutic development.  

In summary, this study has successfully established liver organoids-based models in 

recapitulating excessive lipid accumulation and associated metabolic dysregulation. This shall 
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provide an innovative tool for studying pathogenesis and developing therapeutics for treating 

fatty liver disease. Here, we only recapitulate lipid accumulation but not inflammation and 

fibrosis. Adding immune and stromal cell compartments into organoids may help to further 

advance the model to better capture the pathogenic spectrum of fatty liver disease. Future 

research is warranted to further improve the model for better recapitulating the critical 

features of the disease. 
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Supplementary Figure 1 

 

 

 

Figure S1. Lipid accumulation in mouse liver organoids after 96 hour exposure of LPO. (A) Morphology of mouse 

liver organoids cultured in expansion medium and exposed to LPO for 96 hours. (B) Representative confocal 

images of lipid accumulation in mouse liver organoids with or without LPO treatment. Lipids were stained with 

AdipoRed (blue), and nuclei were marked by Hoechst (Red). (C) Average lipid number per cell (n = 2-6). (D) The 

size of all captured lipids. The total captured number of lipids are 15, 115 and 288, respectively. (E) The size of 

all captured lipid droplets of human liver organoids after 96 hours LPO treatment in very low concentration, 

respectively. LPO(0.01)=0.1mM:0.01mM:0.02mM; LPO(0.1)=1mM:0.1mM:0.2mM. (mean ± SEM, **P < 0.01; 

Mann Whitney test)  
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Supplementary Figure 2 

 

 

 

Figure S2. mRNA expression of stem cell markers and mature cell markers in organoids cultured with expansion 

or hepatocyte differentiation medium(n = 4). NANOG, OCT4 and LGR5 are stem cell markers; HNF4a and Albumin 

are hepatocyte markers; and CKt7 and CK19 are cholangiocyte markers. 
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Supplementary Figure 3 

 

Figure S3. Two additional hepatocyte-differentiated liver organoids lines confirmed lipid accumulation by LPO 

exposure. The number and size of lipid droplets 96 hours after LPO exposure in organoids (DL1265; DL1283) 

with low concentration (L:P:O: 10mM: 1mM: 2mM) and high concentration (L:P:O: 15mM: 1.5mM: 3mM), 

respectively (n = 3-4). (mean ± SEM, *P < 0.05, ***P < 0.001, ****P < 0.0001; Mann Whitney test). 
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Supplementary Figure 4 

 

 

 

Figure S4. Comparison of lipid accumulation in different human liver organoids lines cultured with expansion 

medium or hepatocyte differentiation medium. (mean ± SEM, *P < 0.05, ***p < 0.001, ****P < 0.0001; Mann 

Whitney test). 
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Supplementary Figure 5 

 

 

 

 

Figure S5. mRNA expression of genes associated with metabolic pathways, and B2M was used as reference gene. 

Organoids were cultured with expansion medium or hepatocyte differentiation medium with or without LPO 

exposure (n = 9-10, mean ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001,****P < 0.0001; Mann Whitney test). 
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Supplementary table  

Table S1. qPCR primer sequences of human genes 

 5’ FORWARD 3’ REVERSE 

PLIN1 GCGGAATTTGCTGCCAACACTC  AGACTTCTGGGCTTGCTGGTGT  

PLIN2 GATGGCAGAGAACGGTGTGAAG CAGGCATAGGTATTGGCAACTGC 

PPAR α TCGGCGAGGATAGTTCTGGAAG GACCACAGGATAAGTCACCGAG 

CPT1A GATCCTGGACAATACCTCGGAG CTCCACAGCATCAAGAGACTGC 

HSD17B13 AGCCGATCTTCTCAGCACCAAG CTGAAGCCACTGTGACGATGTG 

PCK1 CATTGCCTGGATGAAGTTTGACG GGGTTGGTCTTCACTGAAGTCC 

G6PC GCTGTGATTGGAGACTGGCTCA GTCCAGTCTCACAGGTTACAGG 

CHREBP GCGTTTTGACCAGATGCGAGAC CGTTGAAGGACTCAAACAGAGGC 

LXR α TGGACACCTACATGCGTCGCAA CAAGGATGTGGCATGAGCCTGT 

TGFB1 TACCTGAACCCGTGTTGCTCTC GTTGCTGAGGTATCGCCAGGAA 

SLC25A4 GCTGCCTACTTCGGAGTCTATG TGCGACTGCCGTCACACTCTG 

PGC1 α CCAAAGGATGCGCTCTCGTTCA CAAGGATGTGGCATGAGCCTGT 

NANOG CTCCAACATCCTGAACCTCAGC CGTCACACCATTGCTATTCTTCG 

OCT4 CCTGAAGCAGAAGAGGATCACC AAAGCGGCAGATGGTCGTTTGG 

LGR5 CCTGCTTGACTTTGAGGAAGACC CCAGCCATCAAGCAGGTGTTCA 

HNF4a GGTGTCCATACGCATCCTTGAC AGCCGCTTGATCTTCCCTGGAT 

Albumin GATGAGATGCCTGCTGACTTGC CACGACAGAGTAATCAGGATGCC 

CK7 TGTGGATGCTGCCTACATGAGC AGCACCACAGATGTGTCGGAGA 

CK19 AGCTAGAGGTGAAGATCCGCGA GCAGGACAATCCTGGAGTTCTC 

B2M CCACTGAAAAAGATGAGTATGCCT CCAATCCAAATGCGGCATCTTCA 
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Table S2. Donor Information 

 DL1235 DL1265 DL1283 DL1402 DL1403 

Sex Male Male Male Male Male 

Age 61 49 70 39 51 

Weight (kg) 81 66 79 71 83 

Height (cm) 183 176 183 182 174 

BMI 24.1 21.5 23.6 21.5 27.3 

Diabetes - - - Type 2 - 

Obesity - - - - - 

Hypertension - - - - - 
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Abstract  

Liver cancer is one of the most common and lethal types of oncological disease in the world, 

with limited treatment options. New treatment modalities are desperately needed, but their 

development is hampered by a lack of insight into the underlying molecular mechanisms of 

disease. It is clear that metabolic reprogramming in mitochondrial function is intimately 

linked to the liver cancer process, prompting the possibility to explore mitochondrial 

biochemistry as a potential therapeutic target. Here we report that depletion of 

mitochondrial DNA, pharmacologic inhibition of mitochondrial electron transport chain 

(mETC) complex I/complex III, or genetic knockdown of mETC complex I restricts cancer cell 

growth and clonogenicity in various preclinical models of liver cancer, including cell lines, 

mouse liver organoids, and murine xenografts. The restriction is linked to the production of 

reactive oxygen species, apoptosis induction and reduced ATP generation. As a result, our 

findings suggest that the mETC compartment of mitochondria could be a potential 

therapeutic target in liver cancer.  

  

Abbreviations 

mETC: Mitochondrial electron transport chain; HCC: Hepatocellular carcinoma; ROT: 

Rotenone; Met: Metformin; TTFA: 2-Thenoyltrifluoroacetone; AMA: Antimycin A; MYXO: 

Myxothiazol; EB/EtBr: Ethidium bromide; KCN: Potassium cyanide; CYTB: Cytochrome b; 

shRNA: Short hairpin RNA; NAD: Oxidized form of nicotinamide adenine dinucleotide; NADH: 

Reduced form of nicotinamide adenine dinucleotide; CFE: Colony formation efficiency; ROS: 

Reactive oxygen species; ATP: Adenosine triphosphate; PCR: Polymerase Chain Reaction; COX 

I: Cytochrome c oxidase subunit I; COX II: Cytochrome c oxidase subunit II; COX IV: 

Cytochrome c oxidase subunit IV; AMPK: AMP-activated protein kinase; mTOR: Mechanistic 

target of rapamycin; TSC: Tuberous sclerosis complex.  
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Introduction 

Liver cancer, mainly consisting of hepatocellular carcinoma (HCC) and cholangiocarcinoma 

(CCA), is the sixth most common cancer and one of the leading causes of cancer related-death 

[1]. Hepatitis B and C, as well as metabolic syndrome and type II diabetes, are all risk factors 

for HCC. The molecular details of disease progression and how these risk factors translate in 

cancer development are less clear, hampering rational efforts to develop new therapy. Apart 

from surgery, there are no curative options available, and clinical management of HCC is 

hampered by high recurrence rates and the resistance to systemic chemotherapy [2]. As a 

result, greater understanding of the progression of liver cancer is urgently required. 

Hepatocytes are a unique cell type in many aspects, including high abundance of 

mitochondria in their cytoplasm, which appear to be involved in oncogenic transformation of 

this cell type [3]. Liver cancer progression is accompanied by a series of well-defined genetic 

alterations, concomitantly with cellular metabolic reprogrammingt [1, 4]. The central role of 

mitochondria in hepatocyte metabolism has given rise to speculation that this organelle may 

provide novel therapeutic targets for liver cancer treatment, despite the fact that our 

understanding of its functionality in the HCC process is far from complete [5]. 

Mitochondria are multi-membrane structures with their own DNA and translational 

machinery, though the mitochondrial function is critically dependent on import of proteins 

from the cytosol [6, 7]. The most central element in mitochondrial biochemistry is the 

mitochondrial electron transport chain (mETC), which is located in the inner mitochondrial 

membrane and consists of four complexes involved in oxidative phosphorylation [8]. 

Encouragingly, chronic use of Metformin-like drugs that target mETC complex I reduces the 

risk for HCC development, which may also relate to the role of mETC in energy production, 

membrane potential maintenance and redox balance control [9-12]. Studies indicated 

multiple mechanisms of action of metformin is involved in HCC inhibition, including activating 

adenosine monophosphate kinase (AMPK) to regulate metabolism and targeting 

mitochondrial complex I alterations in cellular energy metabolism and oxidative 

phosphorylation [13-15].  

More direct studies on the importance of mETC in HCC are, however, required to better 

determine the promise of mETC-directed therapy in liver cancer. 
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We attempted to investigate the significance of mETC components in liver cancer in response 

to the aforementioned considerations. The role of mETC complex I and III, as well as 

mitochondrial DNA in HCC physiology, was identified. The possibility of therapeutically 

targeting the mETC in liver cancer cells was investigated, which may guide the development 

of novel rational avenues for the treatment of HCC. 

 

Materials and Methods  

Reagents and antibodies 

Rotenone (ROT), Metformin (Met), 2-Thenoyltrifluoroacetone (TTFA), Antimycin A (AMA), 

Myxothiazol (MYXO), puromycin, uridine, diphenyleneiodonium chloride, ethidium bromide 

(EtBr), and Potassium cyanide (KCN) were purchased from Sigma-Aldrich (St. Louis, MO). The 

rabbit polyclonal antibody against cytochrome b (CYTB) and mouse monoclonal antibody 

against NDUFS1 were purchased from Sigma-Aldrich (St. Louis, MO). The rabbit monoclonal 

antibody against cleaved caspase-3 was purchased from cell signaling technology.  

Cell culture 

Human cell lines HepG2, PLC/PRF/5, and Snu-449 were kindly provided from Department of 

Viroscience, Erasmus Medical Center and cultured in Dulbecco’s modified Eagle medium 

(DMEM) (Lonza Biowhittaker, Verviers, Belgium) supplemented with 10% (v/v) heat-

inactivated fetal bovine serum (FBS, Thermo Fisher Scientific), 100 IU/ml penicillin and 100 

IU/ml streptomycin. A mitochondrial DNA (mtDNA)-depleted cell model was established by 

co-culturing with EtBr (50 ng/ml), pyruvate (100 ug/ml) and uridine (50 ug/ml) for 5 days as 

described early [37]. For knockdown of mETC complex I, cells were transduced with an 

appropriate short hairpin RNA (shRNA) and transduced cells were selected by culturing with 

3 ug/ml puromycin in DMEM according to previously described procedures [38]. The Plko.1-

based shRNA lentiviral vectors sequence was: NDUFS1, 5’-

CCGGGCAAGCAGATAGAAGGCCATACTCGAGTATGGCCTTCTATCTGCTTGCTTTTT-3’.  
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Organoids were derived and cultured as described early [39]. The study was approved by the 

medical ethical committee of Erasmus Medical Center. In addition, the study protocol 

conforms to the ethical guidelines of the 1975 Declaration of Helsinki. 

Proliferation assays of cells and organoids 

Cell proliferation was measured by reduction of 3-(4, 5-Dimethylthiazol-2-yl)-2, 5-

diphenyltetrazolium bromide (MTT, MilliporeSigma) and Alamar Blue™ Cell Viability reagent 

(Thermo Fisher, CA), essentially as described earlier [40]. In short, for the MTT assay, cells 

were seeded into a 96-well plate with or without mETC complex inhibitors and cultured for 

48 hours. Then, 15 ul of 10% MTT solution (5 mg/ml) per well was added to the wells followed 

by incubation at 37 °C in a 5% CO2 for 4 hours. The medium was removed and 100 ul DMSO 

was added to each well and shaken for 30 min. The absorbance of each well was read on a 

microplate absorbance reader (Bio-Rad, Hercules, CA, USA) at a wavelength of 490nm.  

For the Alamar Blue assay, after treating the cells or organoids with inhibitors as appropriate 

for 48 hours, the medium was removed and exchanged for fresh culture medium 

supplemented with 5% Alamar Blue and cultured at 37 °C with 5% CO2 for 4 hours. 

Fluorescence (excitation 530 nm, emission 590 nm) of each well was measured on a FLUO 

STAR OPTIMA microplate reader (BMG Labtech, Durham, NC, USA). 

NAD/NADH assay 

NAD and NADH content were measured by NAD/NADH Quantification Kit (Sigma-Aldrich, St. 

Louis, MO). PLC/PRF/5 or mouse normal organoids were treated with appropriate inhibitors 

for 48 hours. Cells were seeded into a 6-well plate with or without mETC complex inhibitors 

and cultured for 48 hours. Then cells were collected and extracted with 400 uL of NADH/NAD 

extraction buffer by freeze/thawing 2 cycles. Samples were centrifuged at 13,000 g for 

10minutes after 10 seconds vortex, then 200 ul supernatant was transferred to a fresh tube 

for NAD detection. The other was tranferred into microcentrifuge tubes and heated to 60 °C 

for 30 minutes for NADH detection. A mixture of 50 ul samples and 100 ul reaction reagent 

was added into a 96-well plate to detect NAD and NADH content, respectively. The 

absorbance (450 nm) of each well was measured by the Infinite M Nano absorbance plate 

reader (Tecan, Switzerland). 
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For PLC/PRF/5, the cell concentration was 2x107 /ml. For organoids, the final results were 

normalized by total protein concentration.  

Pyruvate assay 

Pyruvate level was measured by Pyruvate Assay Kit ( Abcam, Cambridge, UK). Experiments 

were performed according to the manufacturer’s instruction. Cells were seeded into a 6-well 

plate with or without mETC complex inhibitors and cultured for 48 hours. Then, cells were 

harvested and washed with cold PBS. Pyruvate Assay buffer was added to resuspend cells. 

The samples were centrifuged for 5 minutes at 4 °C at top speed. Subsequently, the 

supernatant of the samples were collected and transferred to clean tubes. A mixture of 50 uL 

reaction reagent was added to 50 uL supernatant. The mixtures were incubated at room 

temperature for 30 minutes and protected from light. The absorbance (570 nm) of each well 

was measured by the Infinite M Nano absorbance plate reader (Tecan, Switzerland).  

For PLC/PRF/5, the cell concentration was 2x105 /ml. For organoids, the final results were 

normalized by total protein concentration.  

Colony formation efficiency assay 

After treatment of the cells with appropriate inhibitors, cells were cultured in drug-free 

medium for approximately 14 days. The cells were fixed with methanol and stained with 

crystal violet for one hour, and then washed with water and dried before counting of colonies. 

A total number of colonies that contained more than 50 cells were counted and the colony 

formation efficiency (CFE) was calculated. The results were normalized to the unexposed 

control (set to 100% plating efficiency).  

CFE% = (number of colonies in exposure cultures)/ (number of colonies in unexposed cultures) 

*100% 

Analysis of cell apoptosis 

Cell apoptosis was measured by quantitatively determining cell surface phosphatidylserine in 

apoptotic cells using Annexin V-FITC/PI apoptosis detection kit (Becton Dickinson). 

Experiments being performed according to the manufacturer's instruction. The treated cells 

were washed with cold PBS after co-culturing with the appropriate complex inhibitors for 48 
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hours and suspended by 1 X Binding Buffer. FITC Annexin V and PI (1:1) were added into 100 

ul suspension (1× 104 cells) and incubated for 15 min at room temperature (25 °C) in the dark. 

The samples were tested by FACS within 1 hour [41]. Cell apoptosis rate was analyzed by 

FlowJo_V10 software. For each treatment, two independent wells were tested for PLC/PRF/5, 

C I-knockdown and mtDNA-depleting cell lines for three times. The mean and standard error 

were calculated for each condition.  

Xenograft Mouse Model in Nude Mice 

The xenograft tumor model was established in female nude mice injected subcutaneously 

with knockdown cells and corresponding control cells into the lower left or right flank of the 

same mice (5 × 106/200 ul cells per mouse; n = 5 mice per group), 1: 1 mixed with matrigel. 

Xenograft mouse model was performed as described before [42]. All animal experiments 

were approved by the Committee on the Ethics of Animal Experiments of the Erasmus Medical 

Center. 

Reactive oxygen species measurements 

Cellular reactive oxygen species (ROS) was measured using CM-H2DCFDA (General Oxidative 

Stress Indicator) kit (ThermoFisher). Cell lines were seeded into 6-well plates and pretreated 

with diphenylene iodonium (DPI, 10 uM) for 1 hour prior to appropriate complex inhibitor 

treatment for 3 hours. The positive control was induced by adding 100 uM H2O2 for 15 min. 

Cells were washed with PBS and incubated with non-serum medium containing 5 uM CM-

H2DCFDA at 37 °C for 30 min. Then, the cells were washed with PBS for three times and 

suspended by 500 ul PBS. The samples were tested by a FACS and ROS production was 

analyzed by FlowJo_V10 software. 

Adenosine triphosphate (ATP) production measurement 

An ATP Bioluminescence Assay Kit HS II was used to measure the ATP content of cells 

according to the manufacturer’s instructions (Roche Life Science, Penzberg, Germany). Cells 

were seeded into a 96-well plate with or without mETC complex inhibitors and cultured for 

48 hours. Then, cells were harvested and suspended in dilution buffer at the concentration of 

1 x 105 /ml. The same volume of cell lysis reagent was added into above cell suspension and 

incubated at 15 °C for 5 min and for an extra 2 min at 100 °C. Subsequently, the cell suspension 
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was centrifuged at 10 000 g for 60 s and the supernatant was transferred to a fresh tube. 

Samples were kept on ice until measurement. A mixture of 50 ul luciferase reagent was added 

to 50 ul supernatant or standards provided by ATP Assay kit. Luminescence was detected after 

1 second delay using a microplate reader (LumiStar Optima Luminescence Counter, BMG 

Labtech, Offenburg, Germany) (excitation=535 nm; emission=587 nm).  

Real-time quantitative Polymerase Chain Reaction (PCR) 

RNA was isolated with a Machery-NucleoSpin RNA kit (Bioke, Leiden, the Netherlands) and 

quantified with a Nanodrop ND-1000 (Wilmington, DE). The iScript cDNA synthesis kit (Takara 

Bio INC.) was used to acquire cDNA from total RNA. Quantitative real-time PCR analyses were 

performed by the StepOne Real-Time PCR system and the Step-Onev2.0 software (Applied 

Biosystem, Darmstadt, Germany). Primer sequences are provided in Supplementary Table 1. 

All the expression levels are depicted relative to the expression of GAPDH.  

Western blot assay 

Western blotting was performed according to routine procedure [43]. In short, total protein 

(100 ug) was loaded in each lane, subjected to sodium dodecyl sulfate-polyacrylamide (SDS-

PAGE) gel (12%) electrophoresis and then transferred onto polyvinylidene difluoride (PVDF) 

membranes (Invitrogen). Subsequently, the membranes were blocked for 1 hour at room 

temperature followed by incubation with antibodies overnight at 4 °C. Membranes were 

washed 3 times before incubating with secondary antibodies for 2 hours. Protein bands were 

detected with Odyssey 3.0 Infrared Imaging System (LI-COR Biosciences) after washing 3 

times. 

Statistical Analysis 

All data are presented as mean ± SD. Prism software (GraphPad Software) was used for all 

statistical analysis. N= repeated times of experiments. Statistical analysis was performed one-

way ANOVA if multi-group of samples were analyzed otherwise Mann-Whitney test was 

performed. For all experiments, a p-value less than 0.05 was considered as significant.  

 

Results 
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Growth of liver cancer cell lines requires functional mETC complex I and III 

To study the effects of targeting mETC complexes in liver cancer, SNU449, PLC/PRF/5 and 

HepG2 liver cancer cell lines were challenged with six pharmacological inhibitors targeting the 

four mETC complexes (I, II, III, and IV). Pharmacological inhibition of either mETC complex I 

(using ROT or Metformin) or III (using AMA or MYXO) reduced cell viability in all three liver 

cancer cell lines at two concentrations (Figure 1A and 1B). While neither complex II (using 

TTFA) nor complex IV (using KCN) inhibitors showed obvious effects in this respect 

(supplementary Fig S1). 

We then assessed colony formation, pharmacological inhibition of either mETC complex I or 

mETC complex III reduced the colony formation efficiency of all three cell lines to less than 

50% as compared to untreated controls (Figure 1C and 1D), which was consistent with the 

results of cell survival. These results suggested that functionality of mETC complex I and mETC 

complex III was required for liver cancer cell survival. 
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Figure 1. Complex I and III inhibitors of mitochondrial electron transport chain (mETC) inhibited growth of HCC 

cells. (A, B) HepG2, PLC/PRF/5, and Snu-449 cells were treated for 48 hours with the mETC complex I inhibitors 

(Rotenone, ROT; Metformin, Met) and complex III inhibitors (Antimycin A, AMA; Myxothiazol, MYXO) at different 

concentrations. Cell viability was quantified by MTT and AlamarBlue (N = 9). (C, D) HepG2, PLC/PRF/5, and Snu-

449 cells were treated with Met and AMA at different concentrations and the colony formation efficiency was 

calculated (N = 9). P value was calculated by comparing with corresponding controls. Results are expressed as 

mean ± SD, group differences were tested by Mann‐Whitney U Test. 

 

Targeting mETC complex I and III inhibited growth of mouse liver tumor organoids 

Although cell line models allow for rapid screening of cancer drugs, they only partly capture 

the cancer process. Experimentation with cancer organoids is cumbersome but more closely 

recapitulate the pathophysiological features of natural tumorigenesis and it was recently 

shown that such organoids are the useful approach for studying liver cancer [16]. Hence, we 

further studied the effects of pharmacological inhibitors targeting mETC complex I and III in 

tumor organoids isolated from DEN-induced primary murine liver cancers with comparison to 

organoids derived from healthy liver [17]. All complex I and III inhibitors (ROT, Met, AMA and 

MYXO) limited the growth of both tumor organoids and untransformed organoids, but cancer 
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organoids were more sensitive to such inhibition (Figure 2A and 2B). In summary, the 

inhibition effects of pharmacological complex I and III inhibitors observed in cell lines were 

also recaptured in liver cancer organoids. These results illustrated that liver cancer was more 

sensitive to mETC inhibition than untransformed liver-derived material. 

 

 

Figure 2. mETC complex I and III inhibitors impaired the growth of mouse liver tumor organoids. (A) Optical 

microscope images of liver tumor organoids after treating with the mETC complex I inhibitors (Rotenone, ROT; 

Metformin, Met) and complex III inhibitors (Antimycin A, AMA; Myxothiazol, MYXO) for 48 hours (N = 3). (B) 

Optical microscope images of liver tumor organoids and normal liver organoids after treating with AMA, Met 

and ROT for 48 hours (N = 9). (C) The growth rates of tumor and normal liver organoids were measured by 

AlamarBlue assays (N = 9). Results are presented as mean ± SD, group differences were tested by Mann‐Whitney 

U Test. 

 

Depletion of mitochondrial DNA or knockdown of mETC constituting proteins counteracts 

liver cancer cell survival 

The importance of mETC integrity for liver cancer cell survival was then confirmed by two 

experimentally independent approaches. In the first approach, we depleted mitochondrial 

DNA from cells. Depletion of mitochondrial DNA impacts encoding of proteins that are part 
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of the mETC, namely the cytochrome c oxidase subunit I (COX I), cytochrome c oxidase subunit 

II (COX II) and cytochrome oxidase (CYTB). Depletion of mitochondrial DNA by exposing 

PLC/PRF/5 cells to ethidium bromide (EB) strongly reduced expression of COX I, COX II and 

CYTB, whereas expression of cytochrome c oxidase subunit IV (COX IV; which is encoded by 

nuclear DNA) was not affected (Figure 3A-C). In the second approach, lentiviral vector-

delivered shRNA was used to knockdown the mETC complex I subunit NDUFS1. The technical 

success of this strategy was documented in Figure 3D-F. Both approaches were used to 

determine the effect of mETC integrity on liver cancer cell physiology. 

Furthermore, both mETC targeting strategies diminished proliferation (Figure 4A and 4B) and 

colony formation efficiency (Figure 4C). However, compared with mitochondrial DNA 

depletion or NDUFS1 knockdown, pharmacological inhibitors of complex I were less effective 

in reducing cell viability (Figure 4B). Upon subcutaneous engraftment in immunodeficient 

nude mice, cells with NDUFS1 knockdown were less capable of forming tumor in vivo 

compared with correspondence control (Figure 4D). These results suggested that the 

reduction in liver cancer cell viability introduced by mETC inhibitors was on basis of the 

integrity of the mETC. 
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Figure 3. Establishing the mETC-deficient cell models. (A, B and C) Real-time PCR analysis of COX I, COX II, COX 

IV and CYTB mRNA (A) (N = 6) and Western blotting analysis of CYTB protein (B, C) (N = 3) in HCC cells after 

treatment with EB for 5 days. (D, E and F) Real-time PCR analysis of NDUFS1 mRNA (D) (N = 6) and Western 

blotting analysis of NDUFS1 protein (E, F) (N = 3) in HCC cells after transfected with NDUFS1 lentivirus. Results 

are presented as mean ± SD, group differences were tested by Mann‐Whitney U Test. 
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Figure 4. Compromising mETC integrity inhibits HCC cell growth in vitro. (A) AlamarBlue assays measure the cell 

growth rates in different liver cell lines (PLC/PRF/5, C I knockdown and mtDNA-depleting) were performed (N = 

8). (B) MTT assays to test the mETC complex I and III inhibitors (Met, ROT and AMA) effect on the proliferation 

of the three cell lines (N = 9). (C) Representative images of colony formation assay of PLC/PRF/5, C I knockdown 

and mtDNA-depleting HCC cells and the colony formation units (CFU) was calculated. The results were 

normalized to the control (PLC/PRF/5), setting to 100% plating efficiency (N = 4). (D) Ctr (PLC/PRF/5 control 

group) and KD (PLC/PRF/5 C I knockdown group) cells were injected sub-cutaneously into nude mice. Tumors 

were harvested from nude mice and weighed (N = 5). Results were presented as mean ± SD, group differences 

were tested by Mann‐Whitney U Test or one-way ANOVA when appropriate; *p<0.05. 

 

 

 

Targeting mETC complex I and III induced cell apoptosis 
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To further characterize the effects of targeting the mETC in liver cancer cells, we measured 

cellular apoptosis after treatment with complex I or complex III inhibitors. Programmed cell 

death can be studied using various approaches including measuring phosphatidylserine in the 

outer leaflet of the plasma membrane and the activation of caspases [18]. After treatments 

with mETC complex I inhibitors (ROT and Met) for 48 hours, approximately 18%-20% of 

PLC/PRF/5 displayed apoptosis measured by Annexin V staining, whereas cells that 

underwent depletion of mitochondrial DNA or knockdown of NDUFS1 showed the trend of 

less sensitive to inhibitor-induced apoptosis (Figure 5A, 5B and supplementary Fig S2). Similar 

results were observed in western blot assay(Figure 5C and 5D). In contrast, NAC (N-

acetylcysteine), the ROS inhibitor, cannot induce apoptosis in PLC/PRF/5 at the concentration 

of 10mM (supplementary Fig S3). These results, thus, suggested that mETC inhibitors may 

reduce liver cancer cell viability via increasing cell apoptosis.  

Inhibition of mETC complex I and III is associated with increased ROS production and 

decreased ATP generation 

The mETC is a major source of mitochondrial ROS generation as up to 2% of electrons leak 

from the mETC and subsequently react with oxygen in a one-electron reduction to produce 

ROS instead of water molecules [19]. It is well-conceivable that a defective mETC will result in 

excessive ROS generation, which can mediate downstream apoptosis. Therefore, we 

measured cellular ROS levels of HCC cells in presence or with absence of an mETC complex I 

inhibitor (ROT) and an mETC complex III inhibitor (AMA). In our experimental system H2O2 

induced marked ROS production and thus served as a positive control. Our results showed 

that both inhibition of complex I by ROT and complex III by AMA substantially increased 

cellular ROS levels. In the NDUFS1 knock down cells or cells depleted for mitochondrial DNA, 

pharmacological inhibitors of the mETC did not show this effect (Figure 6A). It thus appears 

that pharmacological inhibition of mETC complex I or mETC complex III is associated with 

increased ROS production.  

To further characterize the functionality of the mETC in the physiology of liver cancer cells we 

also measured cellular ATP levels. As expected, inhibition of the mETC diminished cellular ATP 

levels (Figure 6B), decreased the pyruvate level involved in TCA and disrupted NAD/NADH 

homeostasis, which indicated redox status(supplementary Fig S4).  
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Collectively, our results revealed that the mETC complex I and mETC complex III played a 

pivotal role in liver cancer cell physiology. 

 

Figure 5. Inhibition of mETC complexes induced apoptosis. (A) Apoptotic cells were quantified by flow cytometry 

using Annexin V and propidium iodide co-staining in PLC/PRF/5 cells. The effects of treatment with ROT, Met or 

AMA for 48 hours is shown (N = 3). (B) After treating cells with complex I and III inhibitors (ROT, Met and AMA) 

for 48 hours, the apoptotic rates of three HCC cell lines (PLC/PRF/5, C I knockdown and mtDNA-depleting) were 

quantified by flow cytometry. Results were presented as mean ± SD (N = 3). (C and D) Three conditions 

(PLC/PRF/5, C I knockdown and mtDNA-depleted cells) are shown in presence or absence of ROT, Met and AMA, 

following a 48 hours incubation. The levels of cleaved-caspase 3 protein were measured by Western blotting 

analysis and quantified by Image J software. Results were presented as mean ± SD, group differences were tested 

by Mann‐Whitney U Test. 
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Figure 6. Inhibition of mETC affects cellular metabolism. (A) ROS production was measured after treating cells 

with ETC complex I (ROT) and III (AMA) inhibitors in three HCC cell lines (PLC/PRF/5 cells, C I knockdown and 

mtDNA-depletion) (N = 4). (B) After treating with ROT, Met and AMA for 48h respectively, ATP production of 

PLC/PRF/5 cells, C I knockdown and mtDNA-depletion HCC cells were measured. (N = 9). Results were presented 

as mean ± SD, group differences were tested by one-way ANOVA. *p<0.05; ns, not significant.  

Discussion 

Liver cancer is a major challenge to global health. Therapeutic options of liver cancer, 

particularly for advanced disease, remain unsatisfactory [20], and it is frustrating that liver 

cancer treatment is always accompanied with therapeutic drug resistance [21]. Increasing the 

understanding of liver cancer cell physiology may lead to novel therapeutic options, and the 

current study focused on the role of the mETC contributes to the increase. We showed that 
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various strategies targeting mETC complex I and III limit the proliferation of liver cancer cells 

both in cell lines, liver organoids and xenografts in vivo.  

Meanwhile, we found that inhibiting mETC disrupts the glycolytic pathway. NAD, as an 

essential redox carrier, can accept hydrides produced along glycolysis and TCA; its reduced 

form, NADH, fuels mETC at the complex I level. NAD/NADH homeostasis is critical for cell 

survival [22, 23]. A decrease in the NAD/NADH ratio causes ROS increase and dysregulate 

mETC [24-26]. Our study found the ratio of NAD/NADH content and pyruvate level decreased 

in normal organoids with mETC inhibitors treatment (supplementary Figure S4). The results 

indicate that inhibiting mETC perturbed glycolysis and disrupted NAD/NADH homeostasis. 

However, the interaction between metabolic processes and cellular redox status in liver 

cancer remains unclear. 

Mechanistically dysregulated mETC may be linked to cancer cell apoptosis, possibly provoked 

by increased ROS production following such inhibition. On the contrary, ROS inhibitors do not 

induce cell apoptosis in our experiments. 

Although intuitively targeting mitochondrial metabolism appears implausible and potentially 

fraught with side effects, it is important to note that Metformin (which we also included in 

the present study) has already been clinically used as a complex I inhibitor [27]. Clinical 

experience with Metformin is especially extensive in patients with type II diabetes, and use 

of Metformin is associated with a reduced propensity to contract liver cancer, which is in 

apparent agreement with the effects observed by mETC inhibition in the current study [10, 

28]. In general, the effects of Metformin in cancer are linked to AMPK/mTOR signaling [29]. 

To support this notion is the observation that inhibition of mETC complex I or mETC complex 

III is associated with reduced ATP levels, which is well established to provoke activation of 

AMPK and inhibition of mTOR [30]. Also in agreement with the idea is that activating 

mutations upstream of mTOR in Tuberous sclerosis complex (TSC) are regularly detected in 

liver cancer, suggesting that this pathway is indeed important for the development of liver 

cancer. However, in an unbiased kinome profiling study, our previous study found that the 

AMPK-provoked activation of TSC leads to the stimulation of p65PAK in addition to mTOR [31, 

32].  
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Our study indicated inhibition of mETC complex I and mETC complex III resulted in increased 

ROS generation, which is reported as the underlying mechanism of limiting cancer cell growth 

[14, 33, 34]. However, the role of ROS production in cancer cell physiology is only partly 

understood [35, 36].  

It is clear from the present study that targeting the mETC is a novel viable option for managing 

liver cancer and our results provide a proof-of-concept that targeting mETC complex I or mETC 

complex III may be a potential novel avenue to combat liver cancer. 
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Supplementary Figure 1 

 

 

Figure s1. The half maximal inventory concentration curve of complex I and III inhibitors. Cell viability was 

quantified by MTT and AlamarBlue. 

 

 

Supplementary Figure 2 

 

Figure s2. The apoptosis rate in complex I-knockdown and mtDNA-depleting cells of PLC/PRF/5. Apoptotic cells 

were quantified by flow cytometry with Annexin V and propidium iodide co-staining in complex I-knockdown 

and mtDNA-depleting cells of PLC/PRF/5 after 48h mETC inhibitors treatments. 
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Supplementary Figure 3 

 

Figure s3. The apoptosis rate in different cell lines.  A-C. Apoptotic cells were quantified by flow cytometry, 

staining with Annexin V and propidium iodide, in PLC/PRF/5 cells, complex I-knockdown and mtDNA-depleting 

cells of PLC/PRF/5 with/without NAC treatment. D. After treating cells with 10mM NAC for 24 hours or mETC 

inhibitors for 48 hours, respectively, the apoptotic rates of three HCC cell lines (PLC/PRF/5, C I knockdown and 

mtDNA-depleting) were quantified by flow cytometry. 
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Supplementary Figure 4 

 

 

 

Figure s4. The alternations of glycolytic pathway and redoxd status after mETC inhibitors treatment.  A-

B.NADH level of mouse normal liver organoids and PLC cell lines, respectively. C-D. The ratio of NAD/NADH in 

mouse normal liver organoids and PLC cell lines, respectively. E-F. Pyruvate level of mouse normal liver organoids 

and PLC cell lines, respectively. 
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Table s1 Primers sequences used for qRT-PCR 

Gene Forward sequence (5’-3’) Reverse sequence (5’-3’) 

NDUFS1 TGTGTGAGACGGTGCTGATGGA CGATGGCTTTCACGATGTCCGT 

COX I CCTGACTGGCATTGTATTAG GATAGGATGTTTCATGTGGTG 

COX II CATCCCTACGCATCCTTTAC GGTTTGCTCCACAGATTTCAG 

COX IV CAGAAGGCACTGAAGGAGAAG TCATGTCCAGCATCCTCTTG 

CYTB CCCTAACAAACTAGGAGGCG TCTGCGGCTAGGAGTCAATA 

GAPDH GGAAATCCCATCACCATCT  GGACTCCACGACGTACTCA 
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Abstract 

Metabolic reprogramming universally occurs in cancer. Mitochondria act as the hubs of 

bioenergetics and metabolism. The morphodynamics of mitochondria, comprised of fusion 

and fission processes, are closely associated with mitochondrial functions and are often 

dysregulated in cancer. In this study, we aim to investigate the mitochondrial 

morphodynamics and its functional consequences in human liver cancer. We observed 

excessive activation of mitochondrial fusion in tumor tissues from hepatocellular carcinoma 

(HCC) patients and in vitro cultured tumor organoids from cholangiocarcinoma (CCA). The 

knockdown of the fusion regulator genes, OPA1 (Optic atrophy 1) or MFN1 (Mitofusin 1), 

inhibited the fusion process in HCC cell lines and CCA tumor organoids. This resulted in 

inhibition of cell growth in vitro and tumor formation in vivo, after tumor cell engraftment 

in mice. This inhibitory effect is associated with the induction of cell apoptosis, but not 

related to cell cycle arrest. Genome-wide transcriptomic profiling revealed that the 

inhibition of fusion predominately affected cellular metabolic pathways. This was further 

confirmed by the blocking of mitochondrial fusion which attenuated oxygen consumption 

and cellular ATP production of tumor cells. In conclusion, increased mitochondrial fusion in 

liver cancer alters metabolism and fuels tumor cell growth. 

Keywords: Mitochondrial dynamics; liver cancer; OPA1; MFN1 
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Introduction 

Primary liver cancer, including hepatocellular carcinoma (HCC) and intrahepatic 

cholangiocarcinoma (CCA), is one of the leading causes of cancer related death. This is mainly 

attributed to the global prevalence of hepatitis virus infections and the rising prevalence of 

non-alcoholic fatty liver disease [1]. Liver cancer is well-known for its resistance to classical 

chemotherapy, and therefore very limited therapeutic options are available [2]. Over the past 

decade, the research of cancer metabolism has largely extended our understanding of cancer 

biology and provided opportunities for therapeutic development [3]. 

Mitochondria, as double-membrane-bound organelles, are the cellular powerhouses in 

almost all eukaryotic organisms [4]. Metabolic reprogramming, a hallmark of cancer, is critical 

for the tumor initiation and development [5]. The Warburg hypothesis proposed that 

metabolism was altered due to mitochondrial defects, leading to an increase in glycolysis [3]. 

In addition to mitochondrial energetic metabolism transitions, the morphology of 

mitochondria is also dynamic in cancer [6, 7]. Mitochondrial morphology is under control of 

the mitochondrial dynamics network, which continuously exists in cells and is comprised of 

fusion and fission processes [8]. Mitochondrial fusion, facilitated by Optic atrophy 1 (OPA1) 

and Mitofusin 1/2 (MFN1/2), is reported to be able to attenuate damage to mitochondrial 

DNA (mtDNA), proteins and lipids by mixing and dilution of mitochondrial matrix and 

membranes [9]. Therefore, larger and more efficient mitochondria may prevent excessive 

damage accumulation and better serve the metabolic needs of proliferating cells [10]. 

As the heart of the mitochondrial fusion process, OPA1 and MFN1/2 are respectively 

responsible for inner membrane and outer membrane fusion [11]. OPA1 plays a key role in 

mitochondrial cristae structure maintenance while cristae, invaginated by the inner 

membrane, are required for cellular adaptation to metabolic demand [12]. OPA1 deficiency 

in mice is lethal [13] and tissue specific depletions of OPA1 have demonstrated that 

mitochondrial fusion is vital for cellular metabolism [14]. OPA1 downregulation has also been 

reported to sensitize HCC cells to sorafenib treatment [15]. However, the detailed role of 

mitochondrial fusion in liver cancer remains largely elusive. In this study, we have investigated 

mitochondrial morphodynamics and its functional relevance in liver cancer. 
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Materials and Methods 

1. Cells and Organoids Culture 

Human HCC cell lines, Huh7 and SNU449, and human embryonic kidney epithelial cell line HEK 

293T cells were maintained in Dulbecco’s modified Eagle’s medium (Lonza, Basel, Basel-Stadt, 

Switzerland) supplemented with 10% fetal bovine serum (Sigma-Aldrich, St. Louis, Missouri, 

USA) and 1% streptomycin/penicillin (Gibco, Thermo Fisher Scientific, Waltham, 

Massachusetts, USA). The obtained mycoplasma-free human cell lines were commercially 

checked monthly by GATC Biotech (GATC Biotech, Konstanz, Baden-Württemberg, Germany) 

and their identity verified by the molecular pathology department of the Erasmus MC as 

described previously [16]. Healthy liver, adjacent liver, and CCA organoids were cultured as 

previously described [17-19]. Informed consent was obtained from all patients and the use of 

patient materials was approved by the medical ethical committee of Erasmus Medical Center, 

Rotterdam (MEC-2014-060 and MEC-2013-143). 

2. Gene Knockdown by Lentiviral Vectors 

For gene knockdown, pLKO.1-based vectors targeting OPA1 and MFN1 and scramble were 

kindly provided by the Biomics Center in Erasmus Medical Center. Lentiviral-shRNA vectors 

packaging and infection were performed as described before [20]. Subsequently, Huh7 and 

SNU449 cells were selected by 3 µg/mL puromycin (Sigma-Aldrich, St. Louis, Missouri, USA) 

to generate stable knockdown cells. After selection, knockdown cells were cultured without 

puromycin for at least one month before use in further experiments. The generation of 

knockdown organoids was performed as described before [21]. 

3. Immunofluorescence of Live Cells and Frozen Tissues 

We used tetramethylrhodamine (TMRM) to quantify the mitochondrial morphology of live 

cells, in a manner that is dependent on the maintenance of the mitochondrial membrane 

potential [22]. TMRM and Hoechst 33342 were purchased from Thermo Fisher. 

Frozen tissues were sectioned at 8 µm and fixed in 4% paraformaldehyde. The stainings of the 

Voltage-dependent anion-selective channel 1 (VDAC1) and DAPI were performed as 

previously described [23]. Nonspecific staining was blocked by phosphate-buffered saline 
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(PBS) supplemented with 5% serum, 1% bovine serum albumin and 0.2% Triton X-100 for 1 h. 

Samples were incubated with primary antibody VDAC1 (ab15895, Abcam, Cambridge, United 

Kingdom) diluted at 1: 200 at 4 °C overnight and subsequently with goat anti-rabbit secondary 

antibody conjugated with Alexa Fluor 488 (BD biosciences, Franklin Lakes, New Jersey, USA) 

diluted at 1:1000 for 2 h at room temperature. 

All images were acquired with a Zeiss LSM510META confocal microscope and quantified with 

ImageJ software (version 1.51, National Institute of Mental Health, Bethesda, Maryland, USA). 

4. Colony Formation Assay and Alamar Blue Assay 

Cells were seeded in 6-well plates (400 cells/well for Huh7 and 800 cells/well for SNU449), 

and cultured for 10 days. Formed colonies were washed with PBS and fixed by 3.7% 

formaldehyde for 10 min. Colonies were counterstained with Giemsa and their numbers were 

counted. 

Organoid proliferation was evaluated for 3 days with an Alamar Blue assay according to the 

manufacturer’s manual (Life Technologies, Thermo Fisher Scientific, Waltham, Massachusetts, 

USA). 

5. Analysis of Cell Cycle and Cell Apoptosis 

Cells were trypsinized and washed with PBS. After being fixed in cold 70% ethanol overnight 

at 4 °C, the cells were washed with PBS and incubated with 20 μg/mL RNase at 37 °C for 30 

min. Subsequently, the samples with 50 μg/mL propidium iodide (PI) at 4 °C for 30 min, were 

analyzed by FACS for cell cycle. 

Cell apoptosis analysis was performed by staining cells with Annexin V-FITC and PI as 

described before [24]. 

6. Xenograft Mouse Model in Nude Mice 

The xenograft tumor model was established in 4–6 weeks female nude mice breeding in SPF 

environment. Mice were injected subcutaneously with knockdown cells and corresponding 

control cells into the lower left or right flank of the same mice (5 × 106/200 μL cells per mouse; 

n = 6 mice per group), 1: 1 mixed with matrigel. After the cell engrafting, tumor formation 

was monitored and measured on the first, seventeenth, nineteenth, twenty fourth and 
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twenty seventh day. Then mice were sacrificed, and tumors were harvested and weighted. 

All animal experiments were approved by the Committee on the Ethics of Animal Experiments 

of the Erasmus Medical Center. 

7. RNA Isolation and Sequencing 

Cell lines and organoids were isolated according to manufacturer’s guidelines with total RNA 

isolation protocol (Invitrogen, Carlsbad, California, USA). The quantity of total RNA was 

measured by a NanoDrop 2000 and the quality of total RNA was measured by Bioanalyzer 

RNA 6000 Picochip as a quality-control step. RNA sequencing was performed by Novogene 

with paired-end 150 bp (PE 150) sequencing strategy. 

8. Real-Time PCR 

Expression of mRNA in different samples were measured according to the manufacturer’s 

instructions [25]. GAPDH was considered as reference gene for normalization. The forward 

and reverse primers for OPA1 were as follows: TCAAGAAAAACTTGATGCTTTCA and 

GCAGAGCTGATTATGAGTACGATT. The forward and reverse primers for MFN1 were as follows: 

TGTTTTGGTCGCAAACTCTG and CTGTCTGCGTACGTCTTCCA. 

9. Oxygen Consumption and ATP Production Measurement 

The oxygraph-2k (O2k, OROBOROS instruments) was used for respiration measurements. 

Hepes/Tris buffer (adjusted to pH 7.4 with Tris) containing 4.2 mM KCl, 132 mM NaCl, 10 mM 

Hepes, 1.2 mM MgCl2 and 1 mM CaCl2, was used to incubate intact cells. The experiments 

were performed at 37 °C. 

An ATP determination kit (Invitrogen, Carlsbad, California, USA) was used for ATP 

measurement of cells. The final results were normalized by cell numbers or total protein 

concentration. 

10. Measurement of Reactive Oxygen Species (ROS) Production 

Cellular ROS Assay Kit (ab186027, Abcam) was used for ROS production measurements. The 

measurements were performed according to the manufacturer’s instructions. Cells were 

plated overnight in growth medium and harvested at 104–4 × 104 cells/100 µL per well. 

Further, 100 µL/well of ROS Red Working Solution was added into the cell plate and incubated 
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at room temperature or in a 37 °C/5% CO2 incubator for one hour. Fluorescence activity was 

measured at Ex/Em = 520/605 nm (cut off 590 nm) with bottom read mode. The final results 

were normalized by cell numbers or total protein concentration. 

11. Glucose Consumption Measurement 

Glucose Assay Kit (ab65333, Abcam) was used for glucose level measurements. The 

measurements were performed according to the manufacturer’s instructions. Cells were 

plated overnight in growth medium and were harvested at 2 × 106 cells/100 µL per well. 

Further, 100 µL/well of assay buffer was added into the cell plate. Cells were homogenized 

quickly by pipetting up and down a few times before being centrifuged for 2 min at 4 °C at 

top speed in a cold microcentrifuge to remove any insoluble material. Supernatant was 

collected and transferred to a clean tube. These enzymes were removed from sample by using 

Deproteinizing Sample Preparation Kit - TCA (ab204708, Abcam). Subsequently, 50 µL of 

reaction mix was prepared for each reaction. Cell plate was incubated at 37 °C/5% CO2 

incubator for half an hour. The value was measured on a microplate reader at OD 570 nm. 

The final results were normalized by cell numbers or total protein concentration. 

12. Lactate Measurement 

A Lactate Assay Kit (ab65331, Abcam) was used for lactate level measurements. The 

measurements were performed according to the manufacturer’s instructions. The final 

results were normalized by cell numbers or total protein concentration. 

13. Statistical Analysis 

All data are presented as mean ± SEM. Statistical comparisons were performed with paired t 

test for paired samples or Mann-Whitney test for non-paired independent samples. For all 

experiments, a p-value less than 0.05 was considered as significant. 
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Results 

1. Activation of Mitochondrial Fusion in Liver Cancer 

Initially, we employed paired frozen tissues from thirteen HCC patients and one CCA patient 

by staining mitochondria with VDAC1, one of the most abundant proteins in the outer 

mitochondrial membrane. Details of the patient information were shown in Table 1. Of each 

patient, we included tumor tissue and adjacent tissue (Figure 1A). Immunofluorescence 

analysis showed that cells in tumor tissue and cells in adjacent tissue contained different 

mitochondrial morphology. In 10 out of 14 paired tissues mitochondrial volume per cell was 

larger in tumor tissue compared to adjacent tissue (Figure 1B). Interestingly, in all paired 

tissues tumor cells possessed stronger VDAC1 fluorescence intensity and integrated density 

(Figure 1C and 1D, respectively). We further examined mitochondrial morphology in paired 

HCC and adjacent tissue derived from an HBV positive patient by electron microscopy. 

Consistently, mitochondria size is larger in tumor tissue (Supplementary Figure S1). 

To investigate the clinical and functional relevance of mitochondrial morphodynamics in liver 

cancer, we examined key fusion proteins involved in mitochondrial dynamics. A previous 

study revealed that MFN1 mRNA levels are slightly elevated in liver while MFN2 is expressed 

at low levels in liver in contrast with heart and muscle [26]. Thus, our study mainly focused 

on OPA1 and MFN1. Analysis of the Oncomine online database, containing five cohorts of HCC 

patients, revealed that both OPA1 and MFN1 are more highly expressed in HCC tumor tissue 

compared to liver tissue in the majority of cohorts (Figure 1E and 1F). 

We concluded that mitochondria in tumor and tumor surrounding tissues possessed different 

morphology and structural integrity. 

 



138 | P a g e  
 

 

 

Figure 1. Activation of mitochondrial fusion in liver cancer. (A) Representative confocal images of mitochondria 

with VDAC1 staining in cryosection from paired tumor or adjacent liver tissues of two HCC patients. The white 

boxed regions were further magnified in the expanded images (left row). Scale bar = 5 µm (left row). Scale bar 

= 20 µm (right row). (B) Images of paired tissue were analyzed by ImageJ software. Mitochondrial volume per 

cell was determined by fluorescence area in pixels (Adjacent vs. Tumor: 80.29 ± 9.285 vs. 96.29 ± 7.24; n = 14 

patients). (C) Fluorescent intensity represented the mean gray value of different images (Adjacent vs. Tumor: 

100.3 ± 9.555 vs. 120.9 ± 11.18; n = 14 patients). (D) Integrated density was calculated by the product of area 
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and mean gray value (Adjacent vs. Tumor: 1.245e+006 ± 260.203 vs. 1.848e + 006 ± 459.958; n = 14 patients). 

Histograms show means ± SEM with p value derived by two tailed paired Student’s t test. (E) The Oncomine 

microarray database (https://www.oncomine.org) was searched to analyze mRNA expression of OPA1 in HCC 

patients. In total, five cohorts of 423 HCC tumor tissues compared with 346 paired tumor-free tissues were 

identified. The expression level of OPA1 mRNA was demonstrated in five cohorts. (F) The Oncomine microarray 

database (https://www.oncomine.org) was searched to analyse mRNA expression of MFN1 in HCC patients. In 

total, five cohorts of 422 HCC tumor tissues compared with 346 paired tumor-free tissues were identified. The 

expression level of MFN1 mRNA was demonstrated in five cohorts. Histograms are mean ± SEM, with p values 

by Student’s t test. 

 

Table 1. Patient Characteristics. 

Characteristics HCC Patient (n = 13) CCA Patient (n = 1) 

Age at surgery (years) 

Mean ± SD 64.9 ± 13.4 60 

Median (range) 70 (37–79) - 

sex (%) 

Male 8 (62) 1 (100) 

Female 5 (38) - 

Etiology (%) 

Unknown liver disease 6 (46) - 

Alcohol abuse 1 (8) 1 (100) 

Chronic HBV 3 (23) - 

Hemochromatosis 1 (8) - 

Hemochromatosis and alcohol abuse 2 (15) - 

Cirrhosis (%) 

Yes 2 (15) - 

No 11 (85) 1 (100) 

Tumor differentiation (%) 

Well 1 (8) - 

Moderate  9 (69) - 

Poor  2 (15) - 

Unknown 1 (8) 1 (100) 

Vascular invasion (%) 
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Micro-invasion 6 (46) - 

Vaso-invasion 2 (15) - 

Severe vaso-invasion 2 (15) 1 (100) 

No 3 (23) - 

AFP (pre-operative) (µg/L) 

Mean ± SD 4076.2 ± 12607.2 3.8 

Median (range) 16 (3-45803) - 

 

2. Mitochondrial Fusion Sustains CCA Organoid Growth 

We also observed a similar phenomenon in patient-derived CCA organoids (Figure 2A). One 

pair (up row) included normal organoids derived from the adjacent tissue and tumor 

organoids derived from the tumor tissue of the same patient. Another pair (lower row) 

included normal organoids derived from the donor liver and tumor organoids derived from 

another patient. Mitochondria in normal organoids are more sphere- or ovoid- like compared 

with the long filaments of mitochondria in tumor organoids. Further, 83.5% of organoids in 

tumor cells possessed elongated mitochondria, which is more than that in normal organoids 

(Figure 2B). 

We consequently performed gene knockdown of OPA1 and MFN1 respectively in human CCA 

organoids and confirmed at both mRNA (Figure 2C) and protein levels (Supplementary Figure 

S2A). Consistently, this resulted in mitochondrial morphology transition (Figure 2D) and 

reduced mitochondrial length (Figure 2E). This functionally inhibited CCA organoid growth 

(Figure 2F). 
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Figure 2. Silencing of OPA1 or MFN1 inhibits mitochondrial fusion and the growth of CCA organoids. (A) 

Representative confocal images of mitochondria with TMRM staining in in vitro cultured organoids from two 

tumor tissue, one matched adjacent liver tissue and one donor liver tissue. The white boxed regions were further 

magnified in the expanded images (right row). Scale bar = 50 µm (left row). Scale bar = 10 µm (right row). (B) 

Images of tumor and non-tumor “normal” liver organoids were quantified (Normal vs. Tumor: 37.93 ± 10.62 vs. 

83.5 ± 7.34; n = 6 images/sample). (C) CCA organoids were transduced with mock lentivirus (Ctr) or 

shOPA1/shMFN1 lentivirus (KD1 and KD2) respectively. Gene knockdown efficiency of OPA1 was quantified by 

Real-time PCR (n = 6). (D) Representative live cell confocal images of mitochondria with TMRM staining in CCA 

organoids with OPA1/MFN1 knockdown. The white boxed regions were further magnified in the expanded 

images (lower row). Scale bar = 20 µm (upper row). Scale bar = 5 µm (lower row). (E) Quantified measurements 

of mitochondrial length in control and KD cells of CCA organoids (n = 3 images/sample). (F) The Alamar Blue 

fluorescence level of CCA organoids was measured at Day 0/1/2/3 for cell viability and data at day 0 was set as 

control of each group (n = 3). Histograms show means ± SEM with p value derived by the Mann Whitney test. 

 

3. Dysfunction of Mitochondrial Fusion Inhibits Liver Cancer Cell Growth in Vitro and in Vivo 

To further investigate the underlying mechanism, we stably knocked down gene OPA1 or 

MFN1 by lentiviral transfection in two HCC cell lines Huh7 and SNU449. The successful 

knockdown was confirmed at mRNA (Figure 3A) and protein levels (Figure S2B). The down-

regulation of OPA1 or MFN1 induced mitochondrial fragmentation and a decrease of 
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mitochondrial length, indicating the inhibition of mitochondrial fusion (Figure 3B and Figure 

3C). This functionally resulted in dramatic inhibition of ability of single cell colony formation 

(Figure 3D). The colony units of Huh7 shMFN1 dropped from average 71 per well to 20 and 9, 

and of Huh7 shOPA1 dropped from 31 to none. Similar results were observed in SNU449 cells. 

Upon subcutaneous engraftment in immunodeficient nude mice, we demonstrated that 

knockdown of OPA1 or MFN1 dramatically inhibited tumor formation and growth of HCC cells 

in vivo (Figure 4A and 4B). 

We found that knockdown of mitochondrial fusion regulators has no effect on cell cycle 

(Supplementary Figure S3) but triggered the induction of cell apoptosis. This effect was much 

stronger in Huh7 shOPA1 cells compared to Huh7 shMFN1 cells. The percentage of apoptotic 

cells increased from 4.44% to 24.45% or 13.84% with the decrease of OPA1 gene expression, 

while the percentages of apoptotic cells increased from 3.17% to 4.79% or 4.64% with the 

decrease of MFN1 gene expression (Figure 5A and Figure 5B). The apoptotic cells in SNU449 

also showed the same trend with mitochondrial fusion dysfunction (Figure 5C and 5D). 

Interestingly, OPA1/MFN1 knockdown increased the ratio of Bax/Bcl-2 expression at mRNA 

levels in SNU449 and CCA organoids. This appears consistent with the observed increase of 

apoptosis in OPA1/MFN1knockdown cells (Supplementary Figure S4). Taken together, these 

data suggest that dysfunction of mitochondrial fusion induces tumor cell apoptosis. 
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Figure 3. Knockdown of OPA1 or MFN1 inhibits mitochondrial fusion. Inhibition of mitochondrial fusion 

attenuates cancer cell growth in vitro. (A) Real-time PCR analysis of OPA1 expression in Huh7/SNU449 shOPA1 

cells and MFN1 expression in Huh7/SNU449 shMFN1 cells. Huh7/SNU449 shOPA1 cells were transfected with 

mock lentivirus (Ctr) and shOPA1 lentivirus (KD1 and KD2) respectively. Huh7/SNU449 shMFN1 cells were 

transfected with mock lentivirus (Ctr) and shMFN1 lentivirus (KD1 and KD2) respectively. Gene knockdown 

efficiency was quantified (n = 6). (B) Representative confocal images of mitochondria with TMRM staining in live 

cells with OPA1 and MFN1 knockdown respectively. The white boxed regions were further magnified in the 

expanded images (right row). Scale bar = 20 µm (left row). Scale bar = 5 µm (right row). (C) Quantified 

measurements of mitochondrial length in control and KD cells (n = 3 images/sample). (D) Representative images 

of colony formation assay of Huh7/SNU449 shOPA1 cells and shMFN1 cells. Cells were fixed and stained by 

Giemsa (n = 9). The number of colony forming units (CFU) was quantified by ImageJ software. Histograms show 

means ± SEM with p value by Mann Whitney test. 
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Figure 4. Mitochondrial fusion dysfunction inhibited tumor formation and growth in vivo. (A) Huh7 shOPA1 and 

control cells were injected subcutaneously into nude mice. Tumor size was measured at post-injection days 

1/17/19/24/27 (n = 4 pairs). Huh7 shMFN1 and control cells were injected and tumor size was measured in the 

same way (n = 5 pairs). (B) Tumors were harvested from nude mice at day 27 and weighed. Histograms show 

means ± SEM with p value derived by the Mann Whitney test. 
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Figure 5. Mitochondrial fusion dysfunction inhibited tumor growth through cell apoptosis induction (A–B) 

Apoptotic cells were quantified by flow cytometry using Annexin V and propidium iodide co-staining in Huh7 

shOPA1 and Huh7 shMFN1 cells (n = 3). (C–D) Apoptotic cells were quantified by flow cytometry using Annexin 

V and propidium iodide co-staining in SNU449 shOPA1 and SNU449 shMFN1 cells (n = 3). Histograms show 

means ± SEM with p value derived by the Mann Whitney test. 

 

4. Mitochondrial Fusion Fuels Cellular Metabolism of Liver Cancer Cells 

To obtain insight in the potential mechanisms that mediate acceleration of tumor cell growth 

by mitochondrial fusion in liver cancer, we performed genome-wide transcriptomic analysis 

by RNA sequencing in OPA1 knockdown Huh7. We identified 552 differentially expressed 

genes between the control cells and the shOPA1 cells (p < 0.05, log2Fc > 1), consisting of 332 

genes downregulated and 220 genes upregulated (Figure 6A). KEGG pathway enrichment 

analysis revealed the alteration of several pathways, but most prominently of the metabolism 

pathway (Figure 6B), involving 33 differentially expressed genes (Figure 6C). 

The dysfunction of mitochondrial fusion by OPA1/MFN1 knockdown was also found to be 

correlated to increased ROS levels in SNU449 and CCA organoids (Figure 6D and Figure 6E). 

Furthermore, we performed the glucose consumption and lactate secretion measurement in 

SNU449 and CCA organoids (Figure S5 and Figure S6). Glucose consumption was down-
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regulated when mitochondrial fusion was inhibited. The lactate level was also reduced when 

knocking down OPA1/MFN1, which indicated that glycolysis was not stimulated upon 

mitochondrial inhibition. 

To provide further evidence for dysregulation of mitochondrial metabolism in cell lines, the 

mitochondrial metabolism of oxygen consumption and ATP production were measured in 

Huh7 (Figure 7A and Figure 7B). The oxygen consumption rate (OCR) dropped from 37.68 

pmol/s/106 cells to 26.78 pmol/s/106 cells and 21.63 pmol/s/106 cells in Huh7 shOPA1 cells, 

while ATP content dropped to 79.27% and 76.22% compared with control group. Similar 

results were observed in Huh7 shMFN1 cells. Alterations of mitochondrial metabolism were 

also observed in CCA organoids, including a decrease in oxygen consumption (Figure 7C) and 

a reduction in ATP production reduction (Figure 7D). Therefore, enhanced mitochondrial 

fusion fuels cellular metabolism to functionally support liver cancer. 
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Figure 6. Inhibition of mitochondrial fusion affects cellular metabolism. (A) Volcano plot of statistical significance 

(p < 0.05) against fold change (ratio of KD/Ctr group), demonstrating the most significantly differentially 

expressed genes by genome-wide transcriptomic analysis between Ctr and shOPA1 Huh7 cells (n = 3). (B) KEGG 

pathway enrichment analysis within the complete set of differentially expressed genes (n = 3). (C) Heat map of 

color-coded expression levels of differentially expressed genes from metabolism pathway (two way ANOVA) (n 

= 3). (D) The ROS product level of SNU449 cells with OPA1/MFN1 downregulation showed increased ROS level 

compared with control group (n = 6). (E) The ROS product level of CCA organoids with OPA1/MFN1 

downregulation showed increased ROS level compared with control group (n = 6). Histograms are mean ± SEM, 

with p values by Mann Whitney test. 
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Figure 7. Inhibition of mitochondrial fusion affects Oxygen Consumption Rate and ATP production. (A) Real-time 

analysis of basal Oxygen Consumption Rate (OCR) in Huh7 shOPA1 and shMFN1 cells (n = 3). (B) ATP production 

of Huh7 cells with OPA1/MFN1 downregulation was reduced compared with control group (n = 6). (C) Real-time 

analysis of basal OCR in CCA organoids with shOPA1 and shMFN1 (n = 3). (D) ATP production of CCA tumor 

organoids with OPA1/MFN1 downregulation was reduced compared with control group (n = 6). Histograms show 

means ± SEM with p value derived by the Mann Whitney test. 

 

Discussion 

Although the early Warburg hypothesis proposed glycolysis as the major metabolic process 

for energy production and anabolic growth in cancer cells due to mitochondrial defects, it 

recently became more clear that mitochondria also play key roles in oncogenesis [27]. In 

addition to the bioenergetic functions, mitochondria represent a cell signaling hub regulating 

cancer cell growth and fate [28]. The function of mitochondria is closely associated with their 

morphodynamics comprising of the fusion and fission processes. In this study, we found 

excessive activation of mitochondrial fusion in liver cancer, which provides a metabolic 

advantage to sustain tumor growth. 

Hepatitis virus infections, namely HBV and HCV, are one of the leading causes of HCC. 

Mitochondrial fission has been frequently observed in HBV and HCV infections [29, 30], which 

has been implicated in the attenuation of cell apoptosis. Whether this has an effect on 

malignant transformation towards the development of HCC remains unclear. In our HCC 

patients, we observed a clear enhancement of mitochondrial fusion in the tumor tissues 
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compared to the adjacent liver tissues. Among all the tissues, only two pairs were HBV 

positive. Whether this discrepancy is attributed to the distinct etiologies of HCC remains to 

be further investigated. 

In general, mitochondrial fission and its key regulator Drp1 has been widely studied in various 

types of cancers. Drp1 has been reported to be overexpressed in oncocytic thyroid tumors 

[31] but decreased in malignant colon and lung cancer tissues, whereas no change was 

observed in breast and prostate cancer [32]. Overall, fission is thought to be pro-tumorigenic, 

although it remains a matter of debate whether it has pro- or anti-apoptotic function [33]. 

Since, in our study, we found a clear elevation of mitochondrial fusion in HCC patient tissues 

and in vitro cultured tumor organoids from CCA patients, we thus focused on the functional 

relevance of this process. By genetic knockdown of the key fusion regulators OPA1 or MFN1, 

we inhibited mitochondrial fusion in HCC cell lines and CCA tumor organoids. This functionally 

inhibited cell growth in vitro and in vivo tumor formation in mice. This is in line with a previous 

study showing that the oncogene MYC increases membrane polarization and mitochondrial 

fusion in mammary epithelial cells to enhance cell proliferation [34]. 

We found that the inhibition of fusion did not affect cell cycling, but triggered apoptosis, 

pointing to an anti-apoptotic role of mitochondrial fusion in HCC. In this setting, it is likely the 

activation of the intrinsic apoptotic pathway, because no specific ligand was added. This 

intrinsic pathway is mainly triggered by non-receptor stimuli and characterized by the 

permeabilization of the outer mitochondrial membrane. This leads to the release of pro-

apoptotic factors from the mitochondrial inter-membrane space into the cytosol [35]. Our 

results appear to be in line with the previous findings that mitochondrial fusion protein is 

responsible for maintenance of mitochondrial membrane structure, matrix homogeneity and 

mitochondrial genome integrity, which are vital for cell survival [36, 37]. However, the exact 

mechanisms by which mitochondrial fusion modulates this apoptotic process remain to be 

investigated. 

In MYC transformed cells, it has been demonstrated that fusion promotes mitochondrial 

metabolism to enhance cell proliferation [38, 39]. Thus, we have performed genome-wide 

transcriptomic analysis and, consistently, the inhibition of fusion affected the metabolic 

pathway most predominantly. Functionally, we have demonstrated that the knockdown of 

fusion genes inhibited oxygen consumption and ATP production, the hallmarks of 



150 | P a g e  
 

mitochondrial metabolism, in HCC cell lines and CCA tumor organoids. We also found the 

reduced glucose consumption and lactate secretion in fusion gene knockdown cells. In mouse 

embryonic fibroblasts, mitochondrial fragmentation impairs cell growth, showing widespread 

heterogeneity in mitochondrial membrane potential and suffered reduced respiratory 

capacity [40]. Although fission has been widely recognized as pro-tumorigenic, it has also 

been reported to decrease mitochondrial oxygen consumption rate and ATP production in 

malignant cells [41]. Cancer cells without mtDNA remain viable, although they are unable to 

form tumors, whereas reconstitution of oxidative phosphorylation again endows the 

tumorigenic capability [42]. Growing evidence demonstrates cross-talk between metabolic 

intermediates and ROS in cancer [43]. Mitochondrial dynamics and ROS processes influence 

each other in various cancers [44, 45]. Our studies found that the dysfunction of 

mitochondrial fusion could increase ROS level in liver cancer cells. The morphodynamics and 

functions of mitochondria are rather multifaceted, highly depending on the cancer types and 

specific context. Thus, the distinct observations from different studies appear but may not be 

necessarily contradictive. 

In summary, we found that the process of mitochondrial fusion is activated in liver cancer. 

This enhances mitochondrial metabolism to fuel tumor growth while resisting cell apoptosis. 

These findings bear important implications for understanding liver cancer biology and 

developing potential mitochondria-targeted therapy and more effective treatment modalities. 
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Supplementary Figure 1 

 

Figure S1. Mitochondrial morphology in a HBV-related HCC patient. A Representative electron microscopy 

images of cells from adjacent tissue and tumor tissue of the HCC patient (scale bar = 2 µm). The white boxed 

regions were further magnified in the expanded images (right side) (scale bar = 1 µm). Mitochondria (arrows) 

were observed. B Images of paired tissue were analysed by ImageJ software (n = 5 images/sample). 

Mitochondrial volume (mitochondrial area) per cell and mitochondrial length (mitochondrial major axis) were 

valued. Mitochondrial shape was calculated by the ratio of major axis and minor axis. Histograms are mean ± 

SEM, with p values by Mann Whitney test. 

Supplementary Figure 2 

  

Figure S2. Western blot analysis of mitochondrial fusion genes in liver cancer cells SNU449 and CCA organoids. 

A OPA1/MFN1 protein level of CCA organoids with OPA1/MFN1 downregulation. B OPA1/MFN1 protein level of 

SNU449 cells with OPA1/MFN1 downregulation.  
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Supplementary Figure 3 

 

Figure S3.  Dysfunction of mitochondrial fusion inhibited tumor cell growth independent of cell cycle arrest. A 

The distribution of Huh7 cells with OPA1/MFN1 downregulation did not show significantly difference with 

control group (n = 3). B The distribution of SNU449 cells with OPA1/MFN1 downregulation did not show 

significantly difference with control group (n = 3). Histograms are mean ± SEM. 

 

Supplementary Figure 4 

 

Figure S4. Dysfunction of mitochondrial fusion is correlated with increased ratio of Bax/Bcl-2 gene expression in 

liver cancer cells. A Bax/Bcl-2 fold change of SNU449 cells with OPA1/MFN1 downregulation increased compared 

with control group (n = 6). B Bax/Bcl-2 fold change of CCA organoids with OPA1/MFN1 downregulation increased 

compared with control group (n = 6). Histograms are mean ± SEM, with p values by Mann Whitney test. 
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Supplementary Figure 5 

 

Figure S5.  Dysfunction of mitochondrial fusion down-regulated glucose level in liver cancer cells. A The glucose 

product level of SNU449 cells with OPA1/MFN1 downregulation showed decreased glucose level compared with 

control group (n = 6). B The glucose product level of CCA organoids with OPA1/MFN1 downregulation showed 

decreased glucose level compared with control group (n = 6). Histograms are mean ± SEM, with p values by 

Mann Whitney test. 

 

Supplementary Figure 6 

 

Figure S6. Dysfunction of mitochondrial fusion down-regulated lactate level in liver cancer cells. A The lactate 

product level of SNU449 cells with OPA1/MFN1 downregulation showed decreased lactate level compared with 

control group (n = 6). b The lactate product level of CCA organoids with OPA1/MFN1 downregulation showed 

decreased lactate level compared with control group (n = 6). Histograms are mean ± SEM, with p values by Mann 

Whitney test. 
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CHAPTER 7 

General discussion and summary 
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1. Interactions between lipid droplets and mitochondria in liver diseases 

Metabolic homeostasis plays one of the most important roles in health and disease. The liver 

is certainly no exception. Recently, increasing evidence demonstrates that metabolism 

regulates cell fate and function both in cancer cells and normal stem cells [1]. Metabolic 

disorders have been observed in many diseases, especially in cancers. The liver plays a crucial 

role virtually in all metabolic processes including regulation of lipid metabolism and glucose 

metabolism. In this thesis I explored the role of two important subcellular compartments, 

lipid droplets (LDs) and mitochondria, in this context. 

I first decided to engage in a literature study as to the subcellular compartments possibly 

involved in the pathogenesis of liver diseases. Chapter 2 and 3 describe some of the fruits of 

this endeavor. In these chapters I review the interaction between LDs and mitochondria and 

the functional implications thereof. I conclude that LDs serve as the hubs of lipid metabolism 

as illustrated by their ability to dynamically store and degrade lipids. Aside from lipid storage 

and degradation, LDs also perform a variety of other functions, including cellular membrane 

synthesis, the facilitation of signal transduction processes and a regulatory function in innate 

immunity. LDs communicate with each other and other cellular organelles via membrane 

contact sites and vesicles [2]. I conclude in chapter 2 that more research as to their role in 

hepatic pathology is necessary but that progress in the field is hindered by the lack of 

appropriate experimental model systems. Especially, the absence of an appropriate in vitro 

model of hepatocyte steatosis precludes further progress and later in this thesis I shall directly 

address this issue.  

Except for the ER, which is the place of LD formation, mitochondria are the organelles that 

probably most frequently interact with LDs [3]. Mitochondria support two apparently 

antagonistic processes involved in lipid metabolism. On one side, mitochondria support de 

novo lipogenesis and triacylglycerol synthesis by providing substrates for their de novo 

lipogenesis [4, 5]. On the opposite side, mitochondria undergo lipolysis of LDs through β-

oxidation [6]. Based on these two antagonistic processes in cells, mitochondria can be 

classified into different subpopulations. Recent studies showed that mitochondria have two 

distinct subpopulations involved in lipid metabolism. The subpopulation that bind to LDs are 



160 | P a g e  
 

recognized as peridroplet mitochondria (PDM), while the other subpopulation that do not 

bind or bind only weakly to LDs, are known as cytoplasmic mitochondria (CM). PDM has a 

distinct structure with elongated morphologies and low motility, as well as increased 

bioenergetics capacity and decreased β-oxidation capacity [7].  

Perilipin 5 (PLIN5) is a member of perilipin family that localizes to LDs and essentially mediate 

LD-mitochondrion contact. A recent study revealed that PLIN5 mediates LD-mitochondria 

interactions and recruits mitochondria to LDs, resulting in an increase in respiratory capacity 

[7]. PLIN5 is highly expressed in tissues with high oxidative activity, such as brown adipose 

tissue and the liver. In the liver, the expression level of PLIN5 has a positive correlation to 

triglyceride contents and the gene product may regulate hepatic lipid storage by inhibiting 

lipolysis [8, 9]. In contrast, inhibiting PLIN5 expression causes the accumulation of 

triglycerides and concomitantly insulin resistance in high-fat fed mice [10]. In this context, it 

is important to note that the above-mentioned (spatial) segregation of mitochondria into 

subpopulations with different functionalities in lipid metabolism is mediated by a specialized 

mitochondrial dynamic machinery [11]. Mitofusin 2 (MFN2) is a fusion protein located at 

outer mitochondrial membrane, while optic atrophy 1 (OPA1) is located at the inner 

mitochondrial membranes. Recent studies have shown that MFN2 and OPA1 are mediators 

of the interactions between mitochondria and LDs, and they can directly target perilipin 

proteins which are the relevant membrane proteins of LDs [12, 13]. Studies have suggested 

that PDM and CM have different morphologies and functions in the liver. PDM has major 

impact on liver steatosis, as well as some other liver diseases associated with lipid deposition.  

In Chapter 6, I targeted MFN2 and OPA1 to inhibit mitochondrial fusion in liver cancer cells, 

including in hepatocellular carcinoma (HCC) cell lines and patient-derived cholangiocarcinoma 

(CCA) organoids. These approaches resulted in cell growth inhibition in vitro and tumor 

formation in mouse models. I found that mitochondrial fusion supports liver cancer cell 

survival. In future studies, I feel it is necessary to investigate the actions of mitochondrial 

dynamics in different mitochondrial subpopulations. I believe blocking PDM recruitment 

could be a potential therapeutic target of liver diseases characterized by extreme of fatty acid 

deposition (Fig. 1). 
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Figure 1. Dynamics of lipid droplets and mitochondria.  

 

2. Organoids as innovative models for studying liver diseases  

Traditional two-dimensional (2D) culture systems of immortalized cell lines are most widely 

used for in vitro experimentation. They may recapitulate some aspects of cellular physiology 

and disease modeling, but are far from satisfactory. Primary human hepatocytes are to 

certain extent ideal to serve as a hepatic in vitro culture model as they have the specific 

metabolic and functional properties of the human liver. However, due to limited availability 

and difficulty of obtaining primary human hepatocytes, researchers prefer to use cancer cell 

lines, immortalized hepatic cell lines, as well as pluripotent stem cells to establish in vitro 

models for liver diseases [14]. However, these cancer cells or immortalized hepatic cells 

harbor numerous genetic and functional alterations induced by their long-term culture, while 

cancer cells have different metabolic features compared to non-malignant cells. Above all, 

hepatocyte-like cells differentiated from induced pluripotent stem cells (iPSCs) or embryonic 
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stem cells have been used as an alternative and helped the field to investigate etiology and 

pathology of liver diseases. 

Animal models, for example classical rodent models, serve as additional experimental models. 

However, due to many limitations in particular the obvious species barrier, animal models 

often fail to recapitulate the etiologies and pathologies of many human diseases. Furthermore, 

there are major ethic concerns of using laboratory animals from the general public. Thus, I 

believe it is imperative to develop new experimental models derived from human origin. 

Three-dimensional (3D) culture technology provides a powerful platform to study different 

types of cells in vitro. The matrices and scaffolds create a microenvironments in vitro to mimic 

the morphologies and physiologies of human cells in vivo [15]. Obviously, a 3D culture system 

is superior to a 2D culture system for orchestrating complex structures of the human body. 

The recent development of organoids technology has provided unique opportunities to study 

human diseases. Organoids are a type of cell population derived from adult stem/progenitor 

cells, embryonic stem cells (ESCs) or induced pluripotent stem cells (iPSCs) in 3D culture 

systems that can self-renew and self-organize to mimic the functionality of the tissue of origin 

[16]. Organoids which derived from adult stem/progenitor cells can access easily from 

minimal amounts of tissue and cultured with long-term genetic stability [17, 18]. 

In Chapter 4, I successfully induced excessive lipid accumulation in human adult liver-derived 

organoids by exogenous supplementation of lactate (L), pyruvate (P) and octanoic acid (O), 

recapitulating the hallmark of non-alcoholic fatty liver disease (NAFLD) [19]. Lactate and 

pyruvate are physiological substrates of both gluconeogenesis and de novo lipogenesis. 

Octanoic acid, as a form of medium chain length fatty acid, can be converted to lipoic acid 

and more effectively induce mitochondrial fatty acid synthesis [20, 21]. The combination of 

lactate (L), pyruvate (P) and octanoic acid (O) (LPO) enhances tricarboxylic acid cycle (TCA) 

activity and fatty acid synthesis, leading to mitochondrial metabolic disorder. In this study, I 

found LPO not only causes lipid accumulation, but also triggers mitochondrial dysfunction. 

These findings may pave the basis for further elucidating the mechanisms of mitochondrial 

adaptation during disease progression from simple liver steatosis to steatohepatitis. 

Although hepatocytes are the primary cell type for lipid storage, other non-parenchymal cells 

such as hepatic stellate cells and kupffer cells also promote to the development and 
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progression of NAFLD [22, 23]. 3D culture technology provides an excellent tool for exploring 

the complex interactions between cell-to-cell and cell-to-extracellular matrix, as well as the 

possibility of establishing co-culture models of hepatic parenchymal cells and non-

parenchymal cells to recreate the processes of liver fibrosis and cirrhosis in vitro.  

NAFLD is a major etiology of liver cancer, in particular HCC. I have actively participated in 

research aimed at establishing organoids based liver cancer models. Together with my 

colleagues, we have successfully isolated single cells from liver tumors of mice that are 

capable of efficiently forming organoids in culture. Upon engrafting into immunodeficient 

mice, these organoids can again form solid tumors demonstrating their malignant property 

[24]. Recently, it has been shown of successful isolation of hepatocytes or progenitor cells 

from NAFLD patients that are capable of initiating organoids [25]. I think it is interesting to 

further investigate whether tumor organoids can be cultured from liver cancer patients with 

a NAFLD background. Cancer-associated fibroblasts (CAFs) constitute a key component of the 

tumor microenvironment and orchestrate tumor initiation, progression and response to 

therapy. We have also successfully isolated CAFs from liver tumors of both mouse and human 

origin, and established co-culture models of liver tumor organoids with CAFs. These models 

shall enable future studies on the interactions between tumor cells and the stromal 

compartment and facilitate therapeutic development (Fig. 2) [26]. 
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Figure 2. Illustration of possible combinations of different cell types to develop co-culture models for future 

research of liver diseases. 

 

3. Liver organoids—an excellent platform for the development of novel 

therapeutic strategies 

Therapeutic development requires robust experimental models that authentically 

recapitulate the targeted diseases. When compared to immortalized cell lines, liver organoids 

have several advantages as models for liver diseases: (1) 3D culture allows for the study of 

cell-cell and organelle-organelle interactions in a spatially organized environment; (2) adult 

stem cell-derived liver organoids have genetic and epigenetic stability even after long-term 

culture; (3) patient-derived organoids have the potential to be used in personalized medicine; 

and (4) healthy liver cells can be used to create liver organoid biobanks [16]. For instance, 

liver tumor organoids mimic the genetic complexity of human primary liver cancer in vitro 

and, with long-term expansion culture, maintain the mutational landscape of the patient’s 

original tumor [27]. Thus, liver organoids are appropriate as a platform for drug testing and 

screening. 
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With the increasing number of patients suffering from NAFLD, the lack of approved 

medication becomes a pressing concern. In Chapter 4, I tested two drugs that are known to 

regulate metabolism on the excessive lipid accumulation using liver organoids provoked by 

my experimental approach. Obeticholic acid (INT747), a natural Farnesoid X receptor agonist, 

was shown in a large phase 3 trial to significantly improve fibrosis [28]. I found that INT747 

treatment reduced lipid accumulation in liver organoids to a moderate extent. Metformin is 

a first-line drug for type 2 diabetes mellitus that reduces glucose levels while preserving a 

satisfactory safety profile [29]. Although the potential impact of this drug on NAFLD is widely 

recognized, it is fair to say that mixed results have been reported [30, 31]. I found that 

metformin significantly alleviated LPO-induced lipid accumulation in liver organoids. These 

results provided proof-of-concept that our organoids model could be useful in the 

development of therapeutics for treating NAFLD.  

The anti-cancer effects of metformin is well-recognized [32, 33], but the underlying 

mechanisms remain largely elusive. I investigated whether metformin targets the 

mitochondrial electron chain complex (mETC) to inhibit the growth of cancer cells. In Chapter 

5, I utilized metformin and other drugs having similar mechanism-of-action as metformin to 

target the mETC complex in liver tumor organoids. I demonstrated that targeting mETC 

complex I and III inhibited the growth of liver tumor organoids and provided a proof-of-

concept that targeting mETC complex may be a potential novel approach to combat liver 

cancer. 

In summary, in this thesis, I demonstrated the establishment and applications of liver 

organoids models for studying fatty liver disease and liver cancer, and testing therapeutics. I 

expect that liver organoids shall provide as an attractive tool for studying many other liver 

diseases. Nevertheless, I call attention to further optimize and advance the current organoids 

technology for better recapitulating human diseases, for examples, by integrating immune 

cell types and disease-specific microenvironment.  
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Met zijn gewicht van meer  dan anderhalve kilogram,  is onze lever het zwaarste interne 

orgaan van ons lichaam. Zowel bij de mens alsook bij de meeste andere dieren is onze lever 

een veelzijdig en belangrijk orgaan dat een cruciale rol speelt de biochemie van het lichaam. 

Onze lever bevindt zich in de borstkas achter de onderste ribben van de borstkas, rechtsboven 

in de buikholte. Zij is dus goed beveiligd tegen mechanisch trauma. Helaas wordt de lever wel 

vaak het slachtoffer van andere ziektes. In dit proefschrift concentreer ik mij op de  chronische 

ontsteking door vervetting die de leverfunctie kan uitschakelen en op leverkanker. De laatste 

ziekte is ongemeen dodelijk omdat ze vrijwel niet reageert op therapie anders dan het 

weghalen van het kwaadaardig gezwel door chirurgie. Om de ziekte van de lever beter te 

begrijpen concentreer ik mij op twee subcellulaire structuren in de levercel en ik probeer hun 

functie in deze context te begrijpen. Het betreft hier de mitochondria en de vetdruppeltjes. 

Een uitgebreide verantwoording over de gevolgde strategie geef ik hoofdstuk 1 van deze 

dissertatie. 

Vetten worden in het lichaam op verschillende wijzen opgeslagen. In het vetweefsel zitten 

adipocyten die een groot vetlichaam bevatten, in de levercel echter zit het vet echter in vele 

kleine vetdruppeltjes. Deze vetdruppeltjes worden op het endoplasmatisch reticulum 

gesynthetiseerd en in het geval van leververvetting worden zoveel van deze druppeltjes 

gemaakt dat ze de levercel fysiek kunnen dooddrukken. In hoofdstuk 2 analyseer ik middels 

een literatuurstudie de mogelijke rol van de vetdruppeltjes in leverziekten en ik kom tot de 

conclusie dat de druppeltjes niet zozeer allen maar passief vet bevatten, maar dat ze ook 

actief allerlei rollen vervullen in de levercel. Zo bieden ze een platform voor het coördineren 

van het vetmetabolisme van de levercel door interacties aan te gaan met de mitochondriën 

en andere organellen. Daarnaast vormen ze een onderdeel van het cel-autonome 

immuunsysteem (wat de hepatocyt gebruikt om zich te verdedigen tegen bijvoorbeeld 

virusinfectie) en fungeren ze als platform in de intracellulaire signaal transductie. Ze zijn dus 

een belangrijk doelwit voor het ontwikkelen van therapie van leverziekten. Ik constateer ook 

echter dat het gebrek aan geschikte modelsystemen vooruitgang in het veld in de weg zit. Ik 

wist deze analyse onder mijn vakbroeders te verspreiden middels een publicatie in het 

gerespecteerde vaktijdschrift International Journal of Biochemistry & Cellular Biology.  In 

Hoofdstuk 4 neem ik deze door mij zelf opgeroepen uitdaging dan aan en probeer ik een 

nieuw modelsysteem te genereren dat dergelijk onderzoek kan toelaten. Ik maak hierbij 

gebruik van een relatief nieuwe technologie, de zogenaamde organoïd-techniek. Hierbij groei 
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ik leverstamcellen uit, in de reageerbuis, tot zogenaamde minilevertjes, die ik dan vervolgens 

vetmest. De minilevertjes gaan dan allerlei aspecten vertonen die men bij leververvetting in 

echte mensen ook ziet. Ook reageren ze op behandeling met medicatie. Met deze 

minilevertjes kun je dus makkelijk nieuwe geneesmiddelen vinden om leververvetting mee te 

bestrijden. Ik heb deze bevindingen kunnen publiceren in het tijdschrift Cellular and 

Molecular Gastroenterology and Hepatology, wat een van de meest vooraanstaande 

tijdschriften is op mijn vakgebied. Ik hoop de aanzet zal zijn tot betere behandeling van 

leververvetting, een groeiend probleem in de Westerse wereld en elders. 

Een mitochondrion is een knobbelvormig organel dat een diameter van ongeveer 1 

micrometer heeft en dat de energiesynthese verzorgt voor de cel . Haast vanzelfsprekend zal 

het zijn dat een metabool actieve cel, zoals de levercel,  mitochondria nodig heeft om te 

kunnen functioneren. In hoofdstuk 3 van dit proefschrift voer ik een literatuurstudie uit naar 

het mogelijk belang van het mitochondrion bij de pathogenese van allerlei leverziekten. Ik 

constateer hierbij dat dit organel inderdaad verder onderzoek vereist. Ik wist deze analyse 

ook wereldkundig te maken middels een publicatie in het vooraanstaande vaktijdschrift 

Tranplantation. Een belangrijk aspect van het mitochondrion hierbij is de zogenaamde 

citroenzuurcyclus, waar energierijke stoffen worden afgebroken en middels de productie van 

ook weer energierijke elektronen tijdens de oxidatieve fosforylering in de 

electronentransportketen worden gebruikt om ATP te produceren. ATP is een essentiële bron 

van  energie voor een veelheid van reacties in de cel. Ik laat zien in mijn proefschrift, in 

hoofdstuk 5, dat het gericht uitschakelen van specifieke componenten van de 

ademhalingsketen een mogelijke nieuwe behandelmethode zou kunnen zijn bij patiënten met 

leverkanker, al zijn mijn studies nog wel wat preliminair want louter gedaan in preklinische 

modellen die nog vrij ver van de patiënt staan. Desalniettemin kon ik deze resultaten 

verspreiden binnen de gemeenschap van biomedische onderzoekers middels een publicatie 

in het gerespecteerde vaktijdschrift Cell Death Discovery.  Ook  laat in mijn proefschrift zien 

dat mitochondria door met elkaar te fuseren of juist te delen voortdurend van vorm 

veranderen en dat de leverkankercel erg gevoelig is voor interventies die  ingrijpen op deze 

intracellulaire vormveranderingen van de mitochondria. Deze studies beschrijf ik in hoofdstuk 

6 van dit proefschrift, maar heb ik ook gepubliceerd in het gerespecteerde vaktijdschrift Cells,  

Het ligt dus voor de hand om te suggereren dat dergelijke op het mitochondrion gerichte 

interventies een belofte inluiden wat betreft betere behandeling van leverkanker. Mijn 



173 | P a g e  
 

studies in dit proefschrift in dit opzicht beperken zich echter tot experimenten in cellijnen en 

er moet dus meer werk verricht worden worden voordat hier meer hardere uitspraken over 

gedaan kunnen worden. Ik hoop met dit werk wel een aanzet tot dergelijk werk te hebben 

gegeven. 

 Tenslotte presenteer ik in dit proefschrift nog een samenvattende discussie (hoofdstuk 7), 

waarin ik mijn bevindingen poog te plaatsen in he contemporaine biomedische landschap en 

ook richtingen aangeef voor verder onderzoek. Ik concludeer daarbij dat de interactie tussen 

de vetdruppeltjes en het mitochondrion een belofte inhoudt voor zowel de behandeling van 

leverkanker alsook leververvetting en ik hoop dat toekomstig deze belofte inderdaad kan 

inlossen.  
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Co-promotor:                                                    Dr. Qiuwei Pan 

 

PhD training 

Seminars 

2017-2021, Weekly MDL seminar program in experimental gastroenterology and 

hepatology (attending) (42 weeks/year) (ETCS, 9.0); 

2017-2021, Weekly MDL seminar program in experimental gastroenterology and 

hepatology (presenting) (2 times/year) (ETCS, 4.6); 

2017-2021, Biweekly research group education (attending) (21 times/year) (ETCS, 4.3); 

2017-2021, Biweekly research group education (presenting) (21 times/year) (ETCS, 4.6) 

 

General academic and research skills: courses 

2017 The course Biomedical Research Techniques XVI (ETCS, 1.5); 

2019 The Basic course on R (ETCS, 1.5); 

2020 The advanced course on Applications in flow cytometry (ETCS, 0.5); 

2020 The basic introduction course on SPSS (ETCS, 1.0); 

2020 The score PhD course: stem cells, organoids and regenerative medicine (ETCS, 3.0); 

2021 The NGS in DNA diagnostics course (ETCS, 2.0); 

2021 Course on scientific integrity (ETCS, 0.3); 

2022 Biomedical Writing for PhD candidates (ETCS, 1.5); 
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Special lectures and conferences 

2018 The Erasmus Medical Center 22st Molecular Medicine Day, Rotterdam, the 

Netherlands (ETCS, 0.575) 

2019 The Erasmus Medical Center 23st Molecular Medicine Day, Rotterdam, the 

Netherlands (ETCS, 0.575) 

 

Academic awards 

China Scholarship Council (CSC) Scholarship (No.201708530248) 
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Curriculum Vitae 

Ling Wang was born in Oct.22, 1990, in Taiyuan, Shanxi province, China. She grew up with her 

beloved parents and grandmother. 

She graduated from high school in her home town in 2009 and attended Xinzhou Teachers 

University, where she earned a bachelor's degree in Science in 2013. She then began a 

master's degree program in gut microbiota research under the supervision of Dr. Jiawei Geng, 

from which she graduated in 2017. 

In 2017, she was able to begin her PhD research at Erasmus Medical Center's Department of 

Gastroenterology and Hepatology, under the supervision of Prof. Maikel P Peppelenbosch 

and Dr. Qiuwei Pan. She can concentrate on her project in the Netherlands because of the 

China Scholarship Council's assistance with living expenses. 
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